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Abstract 
Global demand for durum wheat (Triticum turgidum L. ssp. durum) will increase with our 
dramatic continuous growing population. However, production is facing climatic fluctuations 
and evolving pests and diseases. In Australia, the industry has encountered many challenges 
surrounding stable and profitable production. These include the lack of reliable rainfall 
throughout the production regions resulting in severe droughts, and the susceptibility of durum 
wheat to crown rot (CR; caused predominantly by Fusarium pseudograminearum). Damage to 
durum wheat crops caused by CR is exacerbated by water stress. Thus far, due to the limited 
protection attainable by fungicide application and lack of genetic resistance in elite durum 
breeding germplasm, it has been recognised that breeding varieties incorporating reduced 
susceptibility to CR would be the most effective control measure when effectively combined 
with other management practices. For example, improved root system architecture holds some 
promise for enhancing access to water in arid and semi-arid production areas, particularly in 
deep soils with high water-holding capacity. This may be advantageous in CR-affected 
environments if it enables improved access to water that could simultaneously help to avoid 
drought and so reduce the impact of CR on yield. Hence, this research aimed to identify and 
combine multiple desirable physiological traits, or adaptive features, to provide some tolerance 
to CR. Firstly, to identify genetic regions influencing root growth angle (RGA) and CR 
tolerance, an integrated screening method was developed for phenotyping root variation and 
CR tolerance, along with other important traits such as leaf rust and plant height in durum 
wheat. The method was adapted to speed breeding and provided plant breeders with protocols 
and tools to apply selection in early generations of population development. Therefore, the 
selection will result in enriching recombinant inbred lines (RILs) with desirable alleles and 
reduce the number of years required to combine these traits in elite breeding populations. 
Secondly, a nested association mapping (NAM) population was developed within 18 months 
using speed breeding technology, including an F4 generation in the field. NAM population were 
developed by crossing eight elite lines imported from the International Centre for Agricultural 
Research in the Dry Areas (ICARDA) with two Australian cultivars. This population generated 
a significant variation for above- and below-ground traits that could be harnessed and explored 
using genetic mapping and breeding approaches. To identify key genomic regions associated 
with RGA, a subset of 393 NAM lines were phenotyped using the ‘clear pot’ method. 
Combining RGA data with 2,541 polymorphic DArTseq markers information, a major 
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independent QTL (qSRA-6A) on 6A chromosome was identified. Furthermore, haplotype 
analysis for this QTL identified two major haplotype groups in the population, highlighting the 
opportunity for combining root traits with above-ground traits to better adapt to drought and 
CR conditions. Thirdly, to identify key genomic regions for CR tolerance, and to determine the 
relationship between above-ground traits and the major QTL for RGA under drought and CR 
disease pressure, field experiments were undertaken. A subset of 168 NAM lines was evaluated 
for CR tolerance and key agronomic traits, such as plant height, anthesis date, stay-green and 
yield at Hermitage research station, QLD, Australia. Genome-wide association study (GWAS) 
identified a major QTL ‘qCR-6B’ on the 6B chromosome, consisting of four highly significant 
markers in strong local linkage disequilibrium (LD) on chromosome 6B (r2 = 0.72). Haplotype 
analysis was performed and found that the allelic variants were not only associated with CR 
but also impact stay-green traits and yield under CR conditions. The QTL detected for above- 
and below-ground traits (qCR-6B, qSRA-6A, respectively) were on different sub-genomes and 
independent. Therefore, the value of combining both QTL was investigated for yield under 
rainfed conditions with and without CR inoculum pressure. The results highlighted a significant 
difference between overall yield under CR disease pressure among individuals carrying and 
lacking favourable alleles for above- and below-ground traits. Similar trends for yield 
advantage were noted for environments without CR disease pressure across Australia and 
Morocco. Results from this study highlight the value of combining above- and below-ground 
physiological traits to boost yield potential and improve quality under high stress conditions 
such as drought and CR. This study provides new insights into the genetic controls of these 
adaptive traits. We anticipate this will assist breeders to design improved durum varieties with 
enhanced quality to mitigate production losses due to water deficit and CR. 
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Chapter 1. General Introduction 
CHAPTER 1 
 
GENERAL INTRODUCTION 
 
1.1 Research background 
Crown rot disease caused by Fusarium pseudograminearum (Fp), is one of the most damaging soil 
and stubble borne diseases of winter cereals worldwide. The incidence of the disease has notably 
increased in recent years due to the lack of genetic resistance, high level of durum wheat 
susceptibility, intensive farming with minimum rotation and the adoption of minimum tillage 
practices. In addition, more frequent drought episode in recent years resulted in exacerbation of 
disease expression and increased yield losses (Figure 1.1B). In Australia, CR disease causes around 
$100 million yield loss of wheat and barley per year. Efforts thus far in identifying and deploying 
genetic resistance in common wheat and durum wheat cultivars have been unfruitful. Recent studies 
have highlighted the importance of drought adaptive traits including root system architecture and 
staygreen in minimising yield losses under crown rot conditions. For example, in the growing regions 
with high inoculum build up and as demonstrated in Figure 1.1A the losses could be minimised if the 
crops have water available or optimised mechanism for access to water stored deep in the soil profile 
Figure 1.1C. However, these traits are well known for their complexity and the number of genes 
involved can make selection and deployment a challenging task in breeding programs. This highlights 
the importance of combining new plant breeding tools such as robust high-throughput phenotyping 
and genotyping methods with modern breeding technologies such as genomic selection (GS) to fast 
track and compile these traits. Root system architecture is considered one of the most challenging 
traits to measure in the field. Therefore, using high throughput phenotyping methods for screening 
root system architecture that is adapted to controlled conditions is highly desirable. This may 
encourage plant breeders to consider selection for these important traits, especially when these traits 
are highly repeatable. The clear pot method was recently developed for screening seminal root angle 
and number in bread wheat under controlled conditions and was thereafter adapted to screening 
seminal roots in barley and durum wheat. On the other hand, staygreen traits are usually measured in 
the field due to the introduction of high throughput phenotyping technology including the hand-held 
GreenSeeker and more recently high spectrum cameras mounted on drones. 
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Figure 1.1 Illustration displaying the effect of crown rot infection on yield under different scenarios. 
(A) Minimum yield losses when water is available through the growing season i.e. intermittent 
rainfalls  
(B) Maximum yield losses when water is limited and the root system architecture is not designed to 
reach moisture at depth. 
(C) Minimum yield losses can be achieved under water-limited conditions along with optimised 
below and above ground trait combination including root system architecture and stay green. 
Due to the lack of understanding of the quantitative nature of CR disease, multiple screening 
methodologies are needed. In the course of this research project, a robust phenotyping methodology 
adapted to speed breeding was developed for screening tolerance to CR and root growth angle (RGA) 
traits as well as additional important traits such as leaf rust (LR) and plant height (PH). In addition, 
assessments for the field and semi-field conditions were also developed in order to identify sources 
of genetic resistance and better understand the genetic nature of CR. The trait assessment under 
controlled conditions provides flexibility of undertaking the experiments all year round and is known 
for being cost-effective, while field phenotyping is essential for validation of the crop performance 
under increased variability and interactions between multiple factors. 
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In addition to the high throughput phenotyping methods, the NAM approach assists the discovery of 
rare alleles and detection of genomic regions of the traits that are highly complex and governed by 
multiple minor quantitative trait loci (QTL) using the statistical power of the recombination. The 
combined use of novel technologies and robust phenotyping methodologies along with advances in 
genotyping platforms enabled a better understanding of the quantitative nature of drought adaptive 
traits such RGA and staygreen and results in the identification of genomic regions controlling these 
traits. This enables plant breeders to use these QTL as markers that could assist in selection in the 
early generations of population development. These markers could also be combined with genomic 
selection to enable trait stacking of these drought adaptive traits and enhance durum wheat 
performance under drought and crown rot conditions.  
Understanding the genetic control of root system architecture and staygreen is essential in order to 
enhance the capacity of plants to better perform under high CR disease pressure. In addition, the 
drought adaptive traits could be combined with better cultural practices (such as crop rotation, inter-
row sowing and stable management) in order to enhance productivity under crown rot conditions. 
 
1.2 Research justification 
Global demand for durum wheat is rapidly increasing due to population growth and changes towards 
easy to prepare food as a result of our modern hectic lifestyle. However, durum wheat production has 
faced many challenges for stable and profitable production. Among these include the lack of reliable 
rainfall throughout the production regions, resulting in water-limited conditions (i.e. drought) for 
crops, as well as durum wheat susceptibility to CR disease. CR is stubble and soil-borne disease 
identifiable in adult plants by the presence of basal browning and white heads throughout the field. 
The disease has increased in prevalence due to the adoption of minimum tillage practices and is 
further exacerbated by water stress during anthesis and the grain-filling period. These combined 
stresses can result in dramatic yield losses. It has been recognised that breeding varieties with high 
levels of tolerance for CR disease would be the most effective control measure, however, there is a 
lack of genetic resistance in elite durum breeding germplasm. Despite this, it has been hypothesised 
that complex adult plant tolerance mechanisms, associated with multiple desirable physiological 
traits, could offer some enhanced tolerance to CR. For improved drought adaptation, root traits such 
as optimised RGA holds some promise for improving access to water in arid and semi-arid production 
areas, particularly in deep soils with high water-holding capacity. However, the genetic diversity for 
traits has not yet been explored or validated in durum wheat.  
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1.3 Project objectives 
The research presented in this PhD project highlights CR disease as an economically damaging 
disease to the durum and pasta industry worldwide. This limits the expansion of durum wheat 
production areas despite increased demand for Australian durum wheat due to its reputation for its 
high quality. To overcome these limitations and better understand enhanced tolerance to CR, this 
project developed the methodologies for phenotyping below- and above-ground traits to help 
investigate the role of drought adaptive traits in reducing the impact of CR disease on durum wheat 
yield under drought and CR conditions. The outcomes of this research identified molecular markers 
associated with these traits to assist selection in breeding programs. Furthermore, the value of the 
above- and below-ground traits were also investigated under drought and CR conditions hence 
providing the breeders with the toolkits to rapidly develop durum wheat adapted to drought and CR 
conditions. 
This project aims to develop new tools and insight for plant breeders to develop durum wheat cultivars 
with improved adaptation to drought and CR conditions. A selection of elite lines from the 
International Centre for Agricultural Research in the Dry Areas (ICARDA), along with a selection of 
Australian cultivars, was used for experiments conducted in this study. Specifically, the project aims 
to 1) develop and validate a rapid phenotyping method for CR and root growth screening in durum 
wheat adapted to ‘speed breeding’, 2) dissect the genetics of seminal root traits in durum wheat via 
Nested Association Mapping (NAM) and identify key genomic regions associated with drought 
adaptation, 3) identify key genomic regions for CR tolerance, and 4) determine the relationship 
between above and below ground traits under drought and CR disease pressure as well as the value 
of these adaptive traits for yield and quality enhancement. This project is conducted in collaboration 
with Durum Breeding Australia’s Southern Node (DBA-S) and ICARDA. This collaboration will 
allow knowledge and germplasm from the project to be incorporated into breeding programs to 
accelerate development of improved durum cultivars for Australia and developing countries in North 
Africa (Morocco) and the Middle East (Lebanon). 
 
1.4 Thesis outline 
This thesis encompasses six chapters including, General Introduction (Chapter 1) Review of 
Literature (Chapter 2), three research chapters (Chapters 3, 4, 5), and General Discussion (Chapter 
6). 
The research is introduced in Chapter 1, where the background of the research, justification, and the 
objectives are presented. Then, Chapter 2 highlights review of the literature, which covers drought 
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adaptation traits including root system architecture, staygreen as well as the interaction between these 
traits. In addition, it covers CR disease, the underlying pathogen biology and key control strategies 
to reduce the impact of this damaging pathogen. The progress up to date to identify sources of genetic 
resistance, also we highlight the opportunity to investigate physiological traits for improved water-
use efficiency, such as deep root systems or stay-green to minimise losses due to CR.  
The three research chapters are representing the core of this PhD research with three main objectives. 
Chapter 3 aims to develop and validate a rapid phenotyping method for screening tolerance to CR 
and leaf rust along with below-ground traits such as seminal root angle and seminal root number in 
the same generation, adapted to speed breeding. The methodology developed has been published in 
the international journal Plant Methods as a methodology research article. Chapter 4 details the 
development of the NAM population, the utilisation of the clear pot method and marker information 
in the identification of genomic regions underpinning RGA and distribution. Results of this chapter 
have been submitted to the Frontiers in Plant Science. 
Chapter 5 includes undertaking Genome-wide Association Studies (GWAS) on CR tolerance, 
staygreen and yield under crown rot conditions. This chapter also investigates the possibility of 
combining above and below ground drought adaptive traits that could enhance tolerance to CR and 
therefore optimise yield under drought and CR conditions. 
The outcomes of each research chapter are discussed in the last chapter ‘General Discussion’ 
including the development of new tools, the discovery of quantitative trait loci for drought adaptation 
and tolerance to CR and the possibility of combining those traits in future varieties for enhanced yield 
under CR conditions. The thesis then concludes with future directions and opportunities for further 
research and insights for plant breeding.
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Chapter 2. Review of Literature 
CHAPTER 2 
 
Literature Review 
 
 
2.1 Durum wheat production, trends and traditional uses 
Durum wheat (Triticum turgidum ssp. durum (Desf.) also called ‘pasta wheat’, is one of the earliest 
cultivated cereals in the world (Royo et al., 2009). Durum wheat is a major staple crop in the 
Mediterranean region (Italy, Spain, Morocco, Algeria, Tunisia, Turkey and the Middle East) and 
Ethiopia, and is largely produced as a cash crop in North and South America and India.  
Recent evidence indicates that the origins of all cereals including durum wheat can be traced back to 
the Fertile Crescent in south-eastern Turkey and northern Syria (Lev-Yadun et al., 2000; Dubcovsky 
and Dvorak, 2007). Domesticated emmer, which is the origin of all modern durum wheat cultivars, 
was disseminated across the Mediterranean and was used by ancient Egyptians for making bread. 
Phoenicians exchanged cultivated emmer seeds with other Mediterranean countries such as Morocco 
3,000 years ago (Dubcovsky and Dvorak, 2007).  
Durum wheat is typically grown under rain-fed conditions in the semi-arid regions of the world 
(Araus et al., 2002). Globally, durum wheat is considered as the 10th largest cultivated crop 
representing 5% of the acreage (17 million hectares) with a production of 35.1 million tonnes in 2013 
(International Grain Council, IGC Grain Market reports; Figure 2.1). Major producing regions are 
Southern Europe, North Africa and the Middle East, which produce 60% of the world’s durum wheat 
(Royo and Abió, 2003; Bouthour et al., 2015). Production in Australia has increased in recent years 
and varies between 0.4 - 0.5 Mt per year (GRDC Australian Grain Focus, 2011). 
Durum grain has unique properties, such as hardness, high protein content and gluten strength which 
provide high quality raw materials used in making pasta, noodles, bulgur (whole durum grain boiled, 
dried, cracked and cooked), couscous, freekeh (durum wheat grain harvested during early dough 
stage, roasted, dried, cracked and cooked), various cakes and breads in different parts of the world 
(Able and Atienza, 2014; Habash et al., 2014; Kezih et al., 2014; Laddomada et al., 2015). This has 
created a demand for high-quality durum wheat worldwide. However, the production of durum wheat 
continues to face many challenges associated with environmental constraints, pests and diseases.  
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Figure 2.1 Worldwide durum wheat production adapted from the International Grain Council (IGC). 
 
2.2 Challenges associated with durum wheat production  
The dramatic increase in durum wheat demand, coupled with uncertain environmental conditions, 
pests and disease have generated significant pressure on durum producers around the world. One of 
the major threats to durum production is insufficient water availability which results in reduced yield 
and grain quality. Drought is becoming more frequent as a result of climate change particularly in the 
Mediterranean region, which is predicted to be the most drought-affected region with 30% less 
precipitation by 2099 (Figure 2.2; Christensen et al. 2007). In addition, durum wheat is susceptible 
to many fungal diseases and in particular is highly susceptible to crown rot (CR). To face these ever-
increasing challenges, improved cultivars with high performance under diverse biotic and abiotic 
stresses are required. 
Studying plant and environmental interactions, especially water availability, is fraught with 
difficulties as it is governed by complex genetics (Budak et al., 2013). When the plant is under water 
stress it becomes prone to various fungal diseases. Many studies have reported that CR infected plants 
display more severe symptoms in water-stressed environments in comparison to plants grown under 
irrigated conditions (Blaker and MacDonald, 1981; Wiese, 1987; Beddis and Burgess, 1992; Smiley 
et al., 1996). The interaction between drought and CR resistance varies greatly depending on levels 
of rainfall and the degree of moisture stress late in the growing season (Dodman and Wildermuth, 
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1987). For instance, when frequent episodes of drought occur during the grain filling stage, the impact 
of CR is exacerbated, causing damage which ranges from a reduction in yield and quality to loss of 
entire crops.  
 
Figure 2.1 Relative change of mean annual precipitation due to climate change (100 years data) 
adapted from Christensen, et al. (2007).  
 
2.3 Crown Rot: A major limitation to durum wheat production 
2.3.1 Pathogen history and economic importance 
The genus Fusarium is responsible for a wide range of diseases affecting almost all plant species of 
economic importance. Fp (O’Donnell and Aoki synonym F. graminearum Group 1, teleomorph 
Gibberella coronicola) is a widespread and destructive pathogen causing CR disease, affecting global 
winter cereals production. Durum wheat is particularly susceptible to CR and suffers higher yield 
losses in comparison to bread wheat and barley (Hollaway et al., 2013). 
Recent studies indicate that the disease is reported globally in the majority of wheat producing areas 
in the form of complexes of different species of Fusarium (Chakraborty et al., 2006). Various studies 
have reported that CR is prevalent in Australia (Burgess et al., 1975; Akinsanmi et al., 2004), Europe 
(Cassini, 1981; Balmas, 1994; Rossi et al., 1995), North America; especially the Pacific Northwest 
(Cook, 1968; Smiley et al., 1996; Moya-Elizondo et al., 2011), South and North Africa (Van Wyk et 
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al., 1987; Klaasen et al., 1991; Mergoum et al., 2000) and West Asia (Saremi et al., 2007; Tunali et 
al., 2008). However, when considering the impact of CR disease, it is important to note that it may 
be caused by one or more Fusarium pathogens. For example, in the marginal durum growing areas 
in Syria, the disease is caused by one or more of Fusarium species, including F. avenaceum, F. 
graminearum, F. equiseti, F. poae and F. culmorum (El-Khalifeh et al., 2009). The main cause of the 
disease in Northern Africa including Morocco is a complex of Fusarium roseum, F. culmorum or F. 
cerealis and Helminthosporium sativum (Nsarellah et al., 2000). In Turkey, a comprehensive study 
was conducted (involving the screening of 518 fields over two years) to determine the geographical 
distribution of CR disease in the wheat growing areas of Turkey. This study found that Fusarium 
species were dominant in 26% of the fields in the drylands in a complex form (14% Fusarium 
culmorum, 10% Bipolaris sorokiniana and 2% Fp) (Tunali et al., 2008). Within Australia, Fp and F. 
culmorum are the main causes of the disease in South Australia and Victoria, while Fp is the 
predominant pathogen in the Australian northern wheat growing region including northern New 
South Wales and south-east Queensland.  
The first record of Fp in Australia was in Queensland in 1951, after which it was recorded in northern 
New South Wales in 1955 (Magee, 1957), and in Victoria in 1965 (Price, 1970). Despite the fact that 
this pathogen was classified in many studies as F. graminearum Group1, it was also reported as a 
different species and named Fp, based on the morphology and molecular markers of the conidial 
spores (Aoki and O'Donnell, 1999). In the past 30 years, CR has been considered the most significant 
fungal disease in Queensland and northern New South Wales (Murray and Brown, 1987; Klein et al., 
1990). 
For many years the average loss from CR in Australia per season was estimated to be AUD $80 
million, with the potential loss of AUD $ 434 million if the conditions favour CR disease late in the 
season (Murray and Brennan, 2009). Trials conducted in the northern region of NSW over two 
seasons and three locations found that yield losses ranged between 17.8 – 64.3% under moderate to 
high moisture stress conditions, respectively (Serafin et al., 2011). In addition, grain quality 
characteristics (such as screenings and test weight) can be affected as a result of infection with CR.  
In Australia, the occurrence and intensity of CR increased with the adoption of minimum tillage 
farming practices (Summerell et al., 1989; Wildermuth et al., 1997). Changes in farming systems can 
result in the emergence of new diseases or the re-emergence of diseases that were historically 
controlled using traditional management techniques and this is the case for CR. Minimum tillage 
practices were advocated in the early 1970s to maximise soil water storage and were adopted 
gradually for the retention of soil moisture (Harte and Armstrong, 1983), minimisation of soil losses 
via erosion (Crofts et al., 1988) and to support the biological soil health of cropping systems (Felton 
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et al., 1998). Minimum tillage is characterised by retention of crop residues on the soil surface 
following harvest, a reduction in the number of tillage operations, and a greater reliance on chemical 
weed control (Felton et al., 1987; Crofts et al., 1988). It also requires modified machinery and wheat 
varieties with high seedling vigour (Joshi et al., 2007) to ensure crop emergence and establishment 
through the stubble layer (Figure 2.3). 
Adoption of these practices has increased the prevalence of stubble- and soil-borne diseases (Klein 
and Burgess, 1987; Summerell et al., 1989; Wildermuth et al., 1997). The retention of crop residues 
provides an ideal location for over-seasoning of stubble-borne pathogens and favourable conditions 
for the diseases to establish and thrive at the beginning of the growing season (Figure 2.3). This 
ensures subsequent infection as a result of inoculum pressure, crown depth and higher moisture early 
in the season (Cook, 1980; Summerell et al., 1990; Swan et al., 2000; Wildermuth et al., 2001). 
 
Figure 2.3 Minimum tillage practices are characterised by (A) retention of crop stubble on the soil 
surface after harvest, with crops for the following season planted directly into standing stubble (B), 
requiring modified planting equipment (C) and vigorous seedling emergence (D). 
2.3.2 Symptoms on the host 
A pre-emergence rotting or blight at the seedling stage (Figure 2.4A) are the first symptoms that may 
be observed with infection by Fp (McKnight and Hart, 1966). Subsequently, CR typically establishes 
as a “honey brown” necrosis of the crown and lower stem tissue (Figure 2.4B). The brown 
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discoloration can occur on the sub-crown internode, crown and the leaf sheaths as displayed in Figure 
2.4C (Burgess et al., 2001; Smiley et al., 2005). While lesions are usually concentrated on the lower 
parts of the stem during adult growth stages, severe infections can also extend up the stem as high as 
the sixth internode (Purss, 1966). In humid conditions, pink hyphal growth can also be evident under 
the leaf sheaths and around the nodes during later stages of crop maturity (Burgess et al., 2001). The 
disease is also identifiable in adult plants by the presence of prematurely ripened partially filled or 
completely infertile heads, called ‘whiteheads’ (Figure 2.4D). Whiteheads are usually interspersed 
throughout the field and the symptoms are exacerbated by water stress during anthesis and grain 
filling (Papendick and Cook, 1974; Beddis and Burgess, 1992; Burgess et al., 1993; Chekali et al., 
2011). In southern parts of Australia, the reduced precipitation during September and October has 
been shown to increase the expression of whiteheads in wheat crops infected with CR (Hollaway and 
Exell, 2010). Whiteheads are an indirect symptom of the pathogen, as the heads themselves are not 
infected by Fp; the symptom is a result of disruption to the water translocation processes within the 
plant due to the colonisation of xylem tissue by hyphae of Fp (Knight and Sutherland, 2016). This 
results in partially filled or completely infertile heads which occur conspicuously towards maturity if 
plants are subjected to water stress during or shortly after anthesis (Burgess et al., 1993). 
As noted above, durum wheat is particularly susceptible to CR (Hollaway et al., 2013). In Australia, 
this has restricted the production of durum wheat to systems with low levels of CR. Post-anthesis 
water stress heavily impacts seed formation and leads to poor quality characteristics (such as 
increased screenings and low test weight) of the entire harvested yield. A recent study (Graham, 2015) 
reported increased screenings in durum wheat under CR conditions, from 6.3% to 19.5%, and 
resulting in quality downgrading of durum wheat for pasta making to feed due to stringent regulations 
for durum wheat in regards to quality. The quality downgrade, in turn, results in significant loss to 
farmers’ potential income (Liu and Ogbonnaya, 2015). 
In addition to symptom identification, various diagnostic methods have been proposed for the 
detection, confirmation and/or quantification of infection by Fp, including ELISA- (Schilling et al., 
1996) and PCR-based assays (Schilling et al., 1996a; Aoki and O'Donnell, 1999; Williams et al., 
2002; Akinsanmi et al., 2004; Ophel-Keller et al., 2008). Some of these markers, however, can cross 
amplify closely related species, and as such should be used as part of a polyphasic approach to 
Fusarium species identification. In addition, farmers in Australia have access to ‘PreDicta B’ testing 
which can quantify the concentration of Fp and other soil-borne pathogens before planting. The level 
of inoculum detected by PreDicta B prior to planting is an indicator of yield loss risk, and whether 
preventative measures are thus required (Hollaway et al., 2013). 
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Figure 2.4 Symptoms and signs of crown rot including: (A) early kill; (B) basal crown browning and 
necrosis; (C) brown discoloration of the crown, internodes and leaf sheaths; (D) conspicuous 
whitehead formation late in the season. 
2.3.3 Mycotoxins produced by Fusarium  
The main mycotoxins produced in grains by Fusarium are deoxynivalenol (DON) and nivalenol 
(NIV), with NIV being around ten times more toxic than DON (Yli-Mattila, 2010). Grain infected 
with Fp has been shown to accumulate much lower mycotoxin levels than that infected with Fusarium 
graminearum (Fg) under laboratory conditions (Blaney and Dodman, 2002). This is supported by 
analysis of field samples from a previous occurrence of Fusarium head blight (FHB) in Australia in 
1983 with Burgess et al. (1987) finding that grain with 38% Fp infection only accumulated 0.6 ppm 
of DON. There are also two different chemo-types of DON produced in grain, with 3-acetyl DON (3-
ADON) being nearly half as toxic as the 15-ADON form (Pestka, 2007). Obanor et al. (2013) found 
 45 
 
that all 45 Fp isolates collected from FHB infected crops in northern New South Wales (NSW) and 
Queensland, Australia in 2010 were the 3-ADON chemo-type. In the same study, 31 Fg isolates were 
the 15-ADON chemo-type and two further Fg isolates were the NIV chemo-type. Hence, determining 
which species of Fusarium is causing FHB under Australian conditions is important as Fg generally 
produces larger quantities of more toxic forms of mycotoxins (NIV and 15-ADON) in grain. 
Conversely, Fp, the main cause of FHB in 2010 (Obanor et al., 2013) and again in 2016 in northern 
NSW and Queensland, produces considerably lower quantities of a less toxic form of DON (3-
ADON) only.  
2.3.4 Molecular studies on Fusarium pseudograminearum 
Molecular studies on Fp were initially undertaken using techniques including randomly amplified 
polymorphic DNA and cluster analysis (Schilling et al., 1996; Benyon et al., 2000). Aoki and 
O’Donnell (1999) analysed tubulin sequence information of both F. graminearum Group 1 and Group 
2 isolates resulting in a reclassification of Group 1 as the new species Fp. Whilst visible 
morphological similarities between these species are not a reflection of their precise genetic 
relationship (Laday and Szecsi, 2001), high levels of mitochondrial affinity reflect their cultural and 
morphological similarities and may point to their evolutionary relationship (Benyon et al., 2000). 
Further, Laday et al. (2000) employed isozyme analysis as a diagnostic tool given the plasticity and 
overlap of morphological characters in Fp and closely related species. Isozyme analysis allowed 
differentiation of Fp from F. graminearum using enzyme patterns (Laday et al., 2000). Applying 
these techniques allowed for grouping of species, and revealed that Gibberella zeae (F. 
graminearum), was more similar genetically to F. culmorum and F. crookwellense than to Fp 
(Benyon et al., 2000; Laday and Szecsi, 2001) with a relatively large distance between groups (Laday 
et al., 2000).  
Limited work has been undertaken to characterise the population genetic structure of Fp in Australia, 
or elsewhere. Monds et al. (2005) found genetic differentiation of Fp populations from the South and 
North Islands of New Zealand. Mishra et al. (2006) considered genetic diversity in Fp populations 
collected from two provinces in western Canada finding low levels of population differentiation, high 
levels of gene flow between populations, and support for panmixis in western Canada, although only 
a small number of the markers used were polymorphic.  
Akinsanmi et al. (2006) examined the population genetic structure and departure from panmixis of 
71 Fp isolates collected in northeastern Australia, recording high levels of haplotypic diversity, low 
levels of population subdivision and frequent gene flow (Akinsanmi et al., 2006). In contrast, Scott 
and Chakraborty (Scott and Chakraborty, 2010) reported a high level of genetic diversity between 
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samples collected from the same region of northern Australia. Bentley et al. (2008a) reported 
geographical differentiation of Fp populations from north-eastern compared to southern and south-
western Australia, suggesting that the population structure is driven by geographic separation. It was 
proposed that these differences could be a result of having a founder in each of these regions or 
sharing a common founder and the genetic divergence of these populations may be due to 
recombination, selection and genetic drift Bentley et al. (2008a).  
The advancement in next-generation sequencing enabled the sequencing of many fungal pathogens 
in recent years including Fg and Fp. The Fp genome is estimated to be 36.8 Mbp, containing 
approximately 12,000 protein-coding genes distributed across four chromosomes. The genome of Fp 
exhibited high similarity and synteny with Fg and showed differences only at the telomeric regions 
(Gardiner et al., 2012). The comparative analysis between Fp and Fg also revealed many 
chromosomal rearrangements events, such as one leading to detoxification of benzoxazolinone 
(BOA) class of phytoalexins (Gardiner et al., 2018). Based on the recent sequencing analysis, novel 
virulence genes encoding amidohydrolase and a dienelactone hydrolase were identified in Fp 
(Gardiner et al., 2012).  
2.3.5 Sexual compatibility in Fusarium pseudograminearum 
When F. roseum ‘Graminearum’ was formally divided into two groups (Francis and Burgess, 1977), 
it was recognised, as had been documented previously, that Group 1 isolates did not produce 
perithecia in cultures initiated from a single spore. A total of 17 isolates were subsequently tested for 
heterothallism by making crosses in all possible combinations and resulted in the production of fertile 
perithecia in two cases (Francis and Burgess, 1977). The authors noted, however, that the 
combinations that had successfully crossed lost their ability to form fertile perithecia after six months, 
and concluded that although Group 1 isolates were heterothallic, they were poorly fertile, or infertile 
(Francis and Burgess, 1977). 
Further to this, Windels et al. (1989) proposed that heterothallic strains of Fp may be incapable or 
limited in their ability to recombine due to mycotoxigenic limitations. Due to the production of 
zearalenone by Fp isolates, however, it was concluded that the sexual recombination was under much 
more complicated regulation than chemical effects alone (Windels et al., 1989). 
However, Aoki & O’Donnell (1999) made fertile crossings of Fp and described Gibberella 
coronicola sp. nov. as the teleomorph. This was a result of 153 recombination events for 18 isolates 
of Fp (Aoki and O'Donnell, 1999). Only 5% of the crosses were able to produce perithecia, and 
eventually produced asci and ascospores, and were considered to be fertile (Aoki and O'Donnell, 
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1999). Thus, Fp believed to have a heterothallic copulating system enabling the characterisation of 
the sexual cycle of the pathogen.  
O'Donnell et al. (2004) also reported that the results of mating idiomorphs 1:1 in the international 
culture collection comprising 53 isolates were consistent with both sexual reproduction and 
frequency-dependent selection. These authors recognised, however, the necessity to test these ratio’s 
hierarchically on macro- and micro-scales (O'Donnell et al., 2004). It was also highlighted the 
importance of studying the frequency of mating type distribution in defined field populations to attain 
an understanding of the natural occurrence and variations in this genetically determined trait 
(Summerell et al., 2001).  
Bentley et al. (2008b) investigated the frequency of sexual mating during the life cycle of Fp and 
found low levels of sexual recombination resulted from low levels of female fertility under controlled 
conditions. However, using multiple generations of sib-mating between isolates collected from north-
eastern Australia, the researchers produced fertile tester strains that can cross with field isolates. This 
represents a major step in understanding the reproductive structures of Fp and deployment of sexual 
recombination to generate genetic diversity, which enables researchers to investigate pathogen 
virulence mechanisms and Fp population structures (Bentley et al., 2008b). 
2.3.6 Host range  
In Australia, Fp has a wide host range, including all winter cereal crops and numerous native and 
introduced grass species (Burgess et al., 1993). The reported hosts of Fp are summarised in Table 
2.1, which include a total of seven cereal crops and fifteen grass species. This wide host range has 
implications for and complicates disease management. Furthermore, some grasses, as well as 
cultivated oats (Avena sativa) are susceptible to colonisation by Fp but do not develop or express 
disease symptoms of basal browning or white heads (Burgess et al., 1993). At present, there is a lack 
of information regarding the ability of native and introduced grasses to act as symptomless 
intermediate hosts of Fp, with the possibility of endophytic associations of the pathogen with such 
hosts having implications for cropping and disease management (Bentley et al., 2007).  
In cereals, Fp has the ability to produce macroconidia around the lowest nodes of tillers infected with 
CR under wet conditions. Rain-splash can then disperse these spores up the canopy to infect heads 
and cause FHB, particularly when coinciding with warm conditions during anthesis (Obanor et al., 
2013). Fp has been recorded as a causal species of FHB epidemics in Australia in 1983 (Burgess et 
al., 1987), 2000 (Tan et al., 2004), 2010 (Obanor et al., 2013) and 2016 (Simpfendorfer et al. 2017). 
Consequently, CR management strategies which reduce inoculum of Fp within paddocks will also 
reduce the risk of FHB development in wetter seasons.
 48 
 
Table 2.1 Host range of F. pseudograminearum (and synonyms) reported in the literature.  
Common name Latin binomial Reported as Source 
Wheat Triticum aestivum G. saubinetii root rot  Atanasoff, 1920 
  G. zeae as F. graminearum crown rot McKnight, 1951 (in Simmonds, 1966) 
  F. roseum ‘Graminearum’  Burgess, 1967 
  F. pseudograminearum Aoki & O’Donnell, 1999 
Emmer Triticum dicoccoides G. saubinetii root rot  Atanasoff, 1920 
  F. roseum ‘Graminearum’ Burgess, 1967 
Rye  Secale cereale G. saubinetii root rot  Atanasoff, 1920 
Oats Avena sativa G. saubinetii root rot  Atanasoff, 1920 
  G. zeae as F. graminearum crown rot McKnight,1955 (in Simmonds, 1956) 
  F. pseudograminearum Aoki & O’Donnell, 1999 
Black oats Avena ludoviciana  G. zeae (F. graminearum) crown rot Purss, 1963 (in Simmonds, 1966) 
  F. roseum ‘Graminearum’  Burgess, 1967 
  G. saubinetii root rot  Atanasoff, 1920 
Ludo wild oats Avena fatua F. roseum ‘Graminearum’  Wearing and Burgess, 1977 
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Corn (maize) Zea mays G. saubinetii root rot Atanasoff, 1920 
  G. zeae (F. graminearum) ear rot and stalk rot Simmonds, 1936 (in Simmonds, 1966) 
Common wheat grass Agropyron scabrum G. zeae (F. graminearum) crown rot Purss, 1963 (in Simmonds, 1966) 
  F. roseum ‘Graminearum’ Burgess, 1967 
Prairie grass Bromus unioloides G. zeae as F. graminearum crown rot Purss, 1963 (in Simmonds, 1966) 
Wallaby grass Danthonia linkii G. zeae as F. graminearum crown rot Purss, 1963 (in Simmonds, 1966) 
 Dicanthium humilius G. zeae as F. graminearum crown rot Purss, 1963 (in Simmonds, 1966) 
Barley grass Hordeum leporinum G. zeae as F. graminearum crown rot McKnight, 1956 (in Simmonds, 1966) 
  F. roseum ‘Graminearum’  Burgess, 1967 
Barley Hordeum vulgare G. zeae as F. graminearum crown rot Mcnight, 1953 (in Simmonds, 1956) 
  F. roseum ‘Graminearum’  Burgess, 1967 
  F. pseudograminearum Aoki & O’Donnell, 1999 
Native millet 
Panicum 
decompositum G. zeae as F. graminearum crown rot McKnight, 1956 (in Simmonds, 1966) 
Yabila grass 
Panicum 
queenslandicum G. zeae as F. graminearum crown rot Purss, 1963 (in Simmonds, 1966) 
Canary grass Phalaris canariensis G. zeae (F. graminearum) crown rot McKnight, 1955 (in Simmonds, 1966) 
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  F. roseum ‘Graminearum’ Burgess, 1967 
Paradoxa grass Phalaris paradoxa G. zeae as F. graminearum crown rot McKnight, 1955 (in Simmonds, 1966) 
  F. pseudograminearum Aoki & O’Donnell, 1999 
Harding grass Phalaris tuberosa F. roseum ‘Graminearum’ Burgess, 1967 
Darnel ryegrass Lolium temulentum F. roseum ‘Graminearum’ Burgess, 1967 
 Medicago sp.  F. pseudograminearum Aoki & O’Donnell, 1999 
Barrel medic Medicago truncatula F. pseudograminearum Aoki & O’Donnell, 1999 
Cavendish banana Musa acuminate F. roseum stem end rot Burden, 1964 (in Simmonds, 1966) 
Lawyer vine Calamus muelleri G. saubinetii var. calami on leaves Pritzel, 1902 (in Simmonds, 1966) 
      Bailey, 1913 (in Simmonds, 1966) 
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2.3.7 Disease cycle 
The key components of the disease cycle of Fp are summarised in Figure 2.5. Fragments of fungal 
hyphae in cereal and grass residues provide the primary source of inoculum for infection (Burgess et 
al., 1993) at all stages of crop growth (Summerell et al., 1990), given adequate moisture (Liddell and 
Burgess, 1988). Retained stubble favours infection as it prolongs moisture retention, subsequently 
providing ideal conditions for infection after rainfall events (Summerell et al., 1990). Wildermuth et 
al. (1997) reported CR severity to be highest when 25 to 50 mm of rainfall fell in the six to eight 
weeks after crop emergence. Summerell et al. (1990) found that the location of stubble was the key 
determinant of the site of infection for CR, with stubble incorporation leading to primary infection of 
the sub-crown internode and/or the crown roots whilst stubble retention resulted in primary infection 
of the stem (Summerell et al., 1990). These differences, however, did not ultimately affect the final 
disease or inoculum levels. 
Upon infection, Fp readily colonises the localised area and then proceeds to parasitically colonise 
stem, leaf sheath and crown tissue, up to the third or fourth internode (Klein et al., 1988). The 
colonisation of seedlings has been shown to be greater for stressed compared to non-stressed 
seedlings, with implications for disease development (Beddis and Burgess, 1992). Colonisation 
gradually increases during the growing season, with extensive hyphal growth in the basal plant parts 
(Summerell et al., 1990). The additional colonisation of the sub-crown internode and crown roots 
may occur if the infection is via these parts, but in systems where stubble is retained, isolation from 
the sub-crown internode and scutellum is generally low (Summerell et al., 1990).  
The extent and rate of colonisation is a function of the degree of environmental stress on the plant. 
At low soil water potentials, the physiological processes of the host are likely to be compromised, 
and as a result, the plant is likely to have heightened susceptibility to infection by Fp (Beddis and 
Burgess, 1992). The colonisation of the basal stem by the fungus, followed by water stress during 
anthesis in spring, is the cause of dead, or partially filled whiteheads (Wildermuth et al., 1997).  
Within a growing season, Fp is essentially monocyclic (Backhouse, 2006) with little or no secondary 
CR infection occurring. Because of this, CR is classified as a polyetic disease, with disease incidence 
during a growing season directly influenced by incidence in the preceding season (Backhouse, 2006). 
The role of asexual macroconidia and sexual ascospores as an airborne primary or secondary 
inoculum source has not been documented.  
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Figure 2.5 The lifecycle of F. pseudograminearum including the growing season and over-seasoning 
phases. 
A number of authors have reported the formation of asexual survival “chlamydospores-like” 
structures and true chlamydospores in Gibberella saubinetti (Wollenweber, 1914; Bennett, 1930) and 
various synonyms of Fp (Oswald, 1949; Nyvall, 1970; Wearing and Burgess, 1977; Aoki and 
O'Donnell, 1999). Nyvall (Nyvall, 1970) reported that macroconidia were capable of undergoing 
morphological change to become chlamydospores under conditions related to soil fungistasis, with 
migration and condensation of the protoplasm resulting in the production of survival spores (Figure 
2.6) (Nyvall, 1970). Although the mechanism by which macroconidia were converted to survival 
spores was not fully elucidated, Nyvall (Nyvall, 1970) found germination of the hardy structures after 
500 days, indicating that they may act as an alternate survival mechanism for this pathogen in soil. 
Wearing and Burgess (Wearing and Burgess, 1977), however, observed modified macroconidia in 
soils collected from the Australian grain belt but found them to be transient, declining in soil over 
252 days and presumably contributing little to the survival of the pathogen. This was in contrast to 
the reported survival of viable hyphae for up to 728 days in wheat stubble (Wearing and Burgess, 
1977). 
Formation of “true” chlamydospores were reported in the initial Fp species description, with a single 
strain (NRRL 28331) producing typical chlamydospores after 30 days incubation on soil extract agar 
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in darkness at 25C and on synthetic low nutrient media with filter paper in darkness and under Black-
Light-Blue (near-UV, Toshiba FL20S BLB 20W) light (Aoki and O'Donnell, 1999) (Figure 2.6).  
Survival via the formation of hardy sexual structures is unlikely, as the teleomorph, G. coronicola is 
reported occurring only rarely under field conditions (Burgess, 1967; Francis and Burgess, 1977; 
Summerell et al., 2001; Bentley et al., 2008b). When sexual reproduction occurs, the pathogen 
produces structures called perithecia, which are comprised of asci, with each asci containing eight 
ascospores. These sexual spores cause new infection when encountering new host plants (Ma et al., 
2013). Alternatively, rain-splash of macroconidia from the formation of sporodochia produced 
around infected nodes in wetter seasons may play an important role in spread between infected plants 
and facilitate fertilisation given that Fp is heterothallic (and therefore requires two compatible 
partners to produce sexual spores on the same plant) (Purss, 1969; Summerell et al., 2001).  
 
 
Figure 2.6 Chlamydospore and chlamydospore-like production (A) intercalary hyphal thickenings 
observed in F. pseudograminearum cultures on CLA; (B) chlamydospore-like structures formed in 
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soil (Nyvall, 1970); (C) and (D) “true” chlamydospores observed in strain NRRL 28331 after 30 days 
(Aoki and O’Donnell, 1999); (E) chlamydospores-like structures documented in G. saubinetii 
cultures by Wollenweber (1914) and (F) Bennett (1930). 
2.3.8 Environmental factors 
The key contributor to the build-up of inoculum in cropping soils is the production of continuous 
wheat in zero-tillage farming systems. In field experiments, the amount of infection by Fp is shown 
to increase almost linearly with successive wheat crops (Burgess et al., 1993; Chakraborty et al., 
2006). Summerell et al. (1989) reported on the impact of stubble management practices on CR 
incidence in wheat, finding that stubble retention practices resulted in up to 81% higher CR incidence 
in the first year of the experiment. Infection of plant tissue by over-seasoning hyphae is favoured by 
environmental conditions including water availability (Swan et al., 2000) and warm soil (Burgess et 
al., 1993). Fp was able to infect seedlings growing in sterile soil over a range of soil water potentials 
(Beddis and Burgess, 1992). However, the desired water potential for infection of wheat seedlings is 
reported to be between -0.3 and -0.7 MPa, with little to no infection occurring below -1.5 MPa 
(Liddell and Burgess, 1988). 
Temperature also plays a major role in pathogen aggressiveness. Studies have reported that a clear 
differentiation of CR aggressiveness can be observed at 25°C between moderately resistant and 
susceptible plants while at 13°C no marked difference in CR aggressiveness was observed 
(Wildermuth and McNamara, 1994; Smiley, 2009). It has been hypothesised that the reason for this 
masked resistance is that carbohydrate content in seedlings is high at low temperatures (12°C) and 
this, in turn, provides thickness to the cell walls creating a physical barrier which prevents pathogen 
growth. Furthermore, low temperatures do not favour pathogen development. While the precise role 
of perithecia in CR epidemics is unknown, it may act as a survival structure carrying ascospores to 
the following season. It can also spread high in the canopy and cause lesions on different parts of the 
plant at different stages of the plant growth (Summerell et al., 2001). 
Dry, hot conditions around anthesis exacerbate the effect of necrosis on the vascular system leading 
to the formation of conspicuous whiteheads (Wildermuth et al., 1997). In very wet seasons the 
occurrence of whiteheads may be minimal, due to the ability of the plant to compensate for damage 
to the vascular system using the water that is readily available in the soil profile. The availability of 
soil water in a growing season is, in part, influenced by the amount and type of tillage, and the stubble 
treatment (Wildermuth et al., 1997). Conservation tillage systems favour increased water retention in 
the soil profile, typically resulting in less plant stress and fewer whiteheads. Despite the reduced level 
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of symptom expression, however, inoculum levels are able to build-up largely unchecked under such 
conditions (Burgess et al., 1993).  
The production of durum wheat, often in continuous cropping systems, has been one of the key 
reasons for the emergence of CR as an important cereal disease in the wheat producing areas of south-
central Australia (Williams et al., 2002; Backhouse et al., 2004), and for epidemics in north-eastern 
Australian (Burgess et al., 1975).  
The incidence of CR infection has been shown to be greatest in low-lying areas of wheat fields, and 
more prevalent on the plains than on the slopes (McKnight and Hart, 1966; Burgess et al., 1975; Klein 
et al., 1988). This phenomenon is thought to be the result of high moisture promoting both plant 
growth and fungal infection. Increased plant growth draws on the available soil moisture, and can 
subsequently lead to local drought stress, which is conducive to the manifestation of disease 
symptoms, including the formation of whiteheads (Burgess et al., 1975).  
2.3.9 Disease management 
2.3.9.1 Chemical control 
Early work on the control of CR in Australia used fungicide seed treatments including the mercurial 
compounds ‘Ceresan’ and ‘Agrosan’, as well as copper carbonate and hexachlorobenzene (McKnight 
and Hart, 1966). At low levels, these chemicals offered some protection against infection with CR, 
but when there was greater than 20% incidence of whiteheads expressed in the crop, no increases in 
yield were observed (McKnight and Hart, 1966). Seed dressing fungicides comprising the active 
ingredients carboxin, fenarimol and triadimefon were effective in inhibiting hyphal growth in vitro 
but were ineffective against seed borne disease (Klein and Burgess, 1987). Lamprecht et al. (1990) 
assessed fungicide treatments on wheat seeds to control CR and found that application of triadimenol 
significantly reduced seedling damping-off, thereby increasing survival. This treatment provided no 
long-term protective or yield advantage against CR infection beyond the seedling stage (Lamprecht 
et al., 1990). However, Moya-Elazondo and Jacobsen (Moya-Elizondo and Jacobsen, 2016) reported 
seed treatment with Difenoconazole-mefenoxam reduced CR severity by up to 50% under controlled 
conditions. Akgul and Erkilic (Akgul and Erkilic, 2016) tested different triazole fungicides as seed 
treatments and found that tebuconazole was the most effective, with 47.8% effectiveness for the 
control of F. culomorum infection under glasshouse conditions. These results disagreed with those of 
Balmas et al. (2006) who found that tebuconazole seed treatment reduced disease severity from 45% 
in the untreated control down to 37% in artificially infected soil in the field, a modest decrease of 
only 8%.  
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While a number of fungicides are registered for reduction of seedling blight associated with sowing 
grain infected with Fusarium, these chemicals are ineffective for controlling CR infection throughout 
the season, which therefore limits their ability to reduce inoculum built-up to the next season. 
Currently, ipconazole + metalaxyl (Rancona® Dimension at 320 mL/100 kg seed, Arysta 
LifeScience) is the only product registered for the suppression of CR in Australia. Although the 
product appears to have some activity against seedling blight it has been shown to have limited 
efficacy in reducing yield loss from CR infection when used as a standalone management strategy 
(Simpfendorfer 2016). However, consistent results were achieved across 22 field experiments 
conducted in northern NSW in 2013/14 with the in-crop application of tebuconazole + 
prothioconazole (Prosaro at 300 mL/ha, Bayer CropScience) targeted at the base of tillers 
(Simpfendorfer et al. 2014). Averaged across sites the use of droppers with nozzles angled at the base 
of tillers provided a 19% (0.40 t/ha) yield benefit in the presence of CR infection. However, the level 
of benefit provided was on average still 0.71 t/ha lower yielding than no fungicide application in the 
absence of CR infection, which demonstrates that targeted fungicide application at the base of tillers 
does not provide complete control of CR. 
2.3.9.2 Biological control 
Novel approaches have been applied in an attempt to control CR, including the use of bio-control 
agents such as rifampicin-resistant strains of the bacteria Burkholderia (Pseudomonas) capacia 
(Huang and Wong, 1998). Despite positive results against Fp in vitro, the high volumes and water 
potentials required to support antagonistic bacterial communities limit their applicability (Huang and 
Wong, 1998). Using an integrated approach, Moya-Elizondo and Jacobsen (Moya-Elizondo and 
Jacobsen, 2016) proposed seed treatment fungicide and induced systemic acquired resistance using 
Bacillus mycoides as a management strategy for reducing damping off and protecting plants against 
Fp throughout the growing season. However, no significant difference was found between the use of 
the integrated approach and the use of each control strategy individually in reducing CR severity 
under glasshouse conditions. Lakhesar et al. (2010) investigated different types of antagonistic fungi 
including F. equiseti, F. nygamai, Trichoderma harzianum and Alternaria infectoria and the use of 
different forms of nitrogen sources in the displacement of Fp from the infected stubble pieces. It was 
found that the combination of T. harzianum and nitrogen was effective in increasing the Fp 
displacement from previously infected stubble. Similarly, significant results were obtained in the 
reduction of Fp survival in the straw when T. koningii was used (Wong et al., 2002). Despite their 
effectiveness in reducing populations of Fp in controlled experiments, when used in the field, no 
differences in yield were recorded between the treated seeds and the control (Moya-Elizondo et al., 
2011). 
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2.3.9.3 Cultural control 
From 1960 to 1980 control of CR was achieved using conventional management techniques, 
including stubble burning, to destroy Fp hyphae in residues and reduce the level of inoculum in the 
field (Burgess et al., 1993). Inoculum reduction resulted in a significant decrease in CR incidence, 
down to 47% following the first year of burning to 16% in the second year (Summerell et al., 1989). 
In field experiments, Klein et al. (1988) showed that while stubble burning significantly reduced the 
incidence of infected plants, efficacy was compromised by incomplete burning. Incomplete burns 
occur in low-yielding crops where the residue layer is sparse, and there is a high proportion of grassy 
weeds, and in extremely wet fallow conditions (Burgess et al., 1993). In addition, burning stubble 
reduces soil moisture and organic matter content in the soil and exposes it to severe summer storms, 
especially in the Australian northern region, resulting in soil erosion (Freebairn et al., 1993). 
Moreover, there are significant environmental and crop quality concerns associated with the practice 
of stubble burning. Summerell et al. (1989) observed that grain protein levels in wheat reduced in 
crops following stubble burning treatments, most likely a result of removing stubble as a source of 
nitrogen (Summerell et al., 1989).  
Swan et al. (2000) proposed that practices favouring the decomposition of crop residues should reduce 
the incidence of disease in the following crop. This was previously investigated by Summerell et al. 
(1990) who considered the effect of stubble incorporation on hyphal persistence. Theoretically, the 
incorporation of stubble, to bring it into close contact with soil microbes which decompose the 
residues, should reduce hyphal survival and levels of infested residue during the fallow (Klein et al., 
1988). However, no significant reduction in CR was recorded despite the apparently unfavourable 
conditions for Fp survival (Klein et al., 1988; Summerell et al., 1990; Moya-Elizondo et al., 2011).  
It is noted that stubble decomposition and the subsequent survival of fungal hyphae is largely 
dependent on soil moisture and seasonal conditions including rainfall during the fallow (Klein et al., 
1988). Farming systems and crop rotations that reduce levels of infested stubble have been widely 
advocated for reducing CR levels (Wildermuth et al., 1997). Rotation of cereals with non-host crops 
such as chickpea, fava beans, field peas, canola, lupines and summer crops such as sorghum are 
considered one of the most effective cultural control strategies when implemented for at least two 
seasons (Evans et al., 2010). This period is required for the breakdown of residues and fungal hyphae 
(Burgess et al., 1993). While a lack of crop rotations leads to the build-up of inoculum, Akinsanmi et 
al. (2004) also found that aggressiveness was higher in isolates of Fp and Fg collected from paddocks 
with a wheat-wheat cycle, in comparison to isolates collected from paddocks following a non-host-
wheat cycle. The level of the pathogen inoculum was decreased in all cases of rotating wheat with a 
non-host-crop and the effect of rotation on yield was more obvious when implemented with 
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susceptible durum wheat than with tolerant bread wheat (Kirkegaard et al., 2004). A simulation study 
using field data (Backhouse 2006) and modeling CR incidence over 5 years of cropping in different 
rotation schemes revealed that the incidence can be reduced 25–30% over a period of 2 years rotation 
with chickpea and 12% for 3 years rotation with sorghum in comparison to 60% incidence in 
successive wheat growing (Backhouse, 2014). Kirkegaard et al. (2004) examined different rotation 
regimes in the northern cropping region of Australia and found up to 18.4% less CR severity in fields 
rotated with Brassica break crops (canola and mustard) in comparison to chickpea. This is potentially 
due to Brassica crop canopies providing suitable conditions for the infected stubble to break down. A 
study by Felton et al. (1998) demonstrated a yield increase of 0.85 t.ha–1 of wheat in wheat-chickpea 
rotation cropping system in 9 experiments in north-eastern Australia. The experiments also showed 
that the incidence of CR in wheat after chickpeas was significantly lower than after wheat. However, 
researchers noted a significant interaction between prior crop and levels of pre-plant available soil 
water. Another crop rotation study by Burgess et al. (1996), found that wheat rotated with sorghum 
(resistant to CR) successfully lowered levels of CR inoculum in the field, although after a period of 
30 months Fp could not be eliminated completely due to its persistence in host grass weeds. This 
highlights the importance of controlling host grass weeds during rotations with non-host break crops 
and during fallow periods. Several studies suggested that in the northern cropping region of Australia 
sorghum is one of the best crops to be included in long-term rotation with wheat and allowing for 
susceptible grass crops to be controlled for effective management of CR (Simpfendorfer et al., 2006; 
Quazi et al., 2009). In addition, sorghum canopies create an optimum microenvironment of 
temperature and humidity for microorganisms to decompose stubble and eventually reduce inoculum. 
Another strategy used for CR management is inter-row sowing where the newly planted seeds are 
placed in between two rows of the previous crop. This cultural practice helps prevent infection with 
CR due to contact between the lower plant parts of the new crop and the infected stubble (Burgess et 
al., 2001). The decreased infection is due to less direct physical contact and reduced pathogen 
expression. Verrell et al. (2009) examined durum wheat under zero-tillage farming systems (complete 
stubble retention) and found that inter-row sowing increased yield by 9% compared to sowing on the 
same rows of the previous year and reduced CR incidence (67% decrease from the previous year) 
despite a very high level of CR inoculum. In addition, row placement reduced Fp severity and 
incidence, resulting in 27% fewer whiteheads and a 6% yield increase in bread wheat-durum wheat 
cycles over three seasons (Verrell et al., 2017). Simpfendorfer et al. (2012) also reported benefit from 
inter-row sowing with a 50% reduction in CR incidence and severity for all winter cereal crops across 
44 sites, including durum wheat. These studies show the advantages of row management, although 
the build-up of inoculum in the soil could potentially develop into high future disease incidence 
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because inoculum will be throughout the field, in both row and inter-row spacing. Bentley et al. 
(2009) confirmed spatial aggregation of the pathogen within one-metre rows from infected stubble of 
the previous crop with the disease maintaining haplotype and therefore virulence for several cropping 
cycles of the host. This highlights the importance of crop rotation in preventing disease build up over 
time.  
2.3.10 Genetic resistance 
A recent review by Liu and Ogbannaya (Liu and Ogbonnaya, 2015) summarised current knowledge 
on the genetic resistance of wheat and barley crops to CR. Genetic resistance to CR could theoretically 
have two forms: the first, “host resistance” to infection and symptomatic disease development; and 
the second, suppression of inoculum build-up in stubble and/or soil (Wildermuth et al., 1997; Fetch 
et al., 2003; Chen et al., 2015). No completely resistant cultivars currently exist. The older bread 
wheat cultivars ‘Sunco’, ‘Baxter’, ‘Lang’, ‘Gluyas Early’, ‘Kukri’ and ‘2-49 wheat line’ (Gala/Gluyas 
Early) offer effective partial resistance to CR under Australian field conditions (Wildermuth et al., 
1997; Wallwork et al., 2004; Collard et al., 2005a; Bovill et al., 2006; Collard et al., 2006; Bovill et 
al., 2010). However, while these varieties are both tolerant to CR and produce high grain quality, they 
are relatively low yielding. More recently developed varieties such as ‘Emu Rock’ and ‘Scepter’ 
combine high quality, CR tolerance and yield (www.giwa.org.au/_literature_225157/S12_Daniel 
_Huberli _2017). 
Two types of host resistance to CR have been identified by researchers and wheat breeders: seedling 
resistance (SR) and adult plant resistance (APR). Wildermuth et al. (2001) found that both types of 
resistance were associated with shallow and deep crown formation in the soil profile. He reported that 
SR was found in the hexaploid wheat line 2-49 in the adult growth stage in the field as well as in the 
seedling stage in glasshouse assays. The resistance was reported to be related to the shallow formation 
of the crown. However, APR was detected in ‘Sunco’ only in field experiments and was related to 
the deep crown formation. It was presumed that the shallow formation of the crown assists seedlings 
to escape infection during emergence through the soil. In general, it appears that the most resistant 
sources can be detected in seedlings, whereas other more intermediate resistances can be reliably 
detected only in adult plants (Wallwork et al., 2004). 
The mechanism for this resistance was reported in a histopathological study of the colonisation and 
growth of Fp in wheat seedlings. It was found that the mycelium was able to colonise xylem and 
phloem of infected plants (Knight and Sutherland, 2013). However, mycelium growth rate in the 
partially resistant host was slower than in the more susceptible genotypes and the culms with white 
heads displayed CR symptoms up to at least the third internode with the dense colonisation of both 
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xylem and phloem (Knight and Sutherland, 2016). Modern durum wheat shows a high level of 
inherent susceptibility to CR and it would be of significant interest to find quantitative trait luci (QTL) 
conferring CR resistance in hexaploid wheat on the A and B genome that could be introduced into 
durum wheat (Martin et al., 2013). Backcrossing is a time-consuming process. Therefore, to 
accelerate introgression of such alleles, the rapid generation advance system ‘speed breeding’, which 
enables up to 6 generations of spring wheat and barley per year, could be employed (Watson et al., 
2018). Further, Martin et al. (2015) reported that QTL conferring CR resistance in ‘Sunco’ is also 
present in tetraploid wheat, T. timovivi introgression. Mergoum et al. (1997) evaluated 1130 tetraploid 
accessions from a world collection, seeking a good source of resistance to root rot caused by a 
complex pathogen of F. culmorum and Cochliobolus sativus, which is responsible for root rot in 
durum wheat. Moderate tolerance to root rot was found in 140 of the accessions but only 28 of those 
moderately resistant accessions were agronomically acceptable. 
Nevertheless, a key limitation to CR resistance breeding remains a lack of research and knowledge 
of the genetic basis of resistance (Collard et al., 2005a). In addition, there is a lack of reliable, 
reproducible and high through-put phenotyping procedure for screening large numbers of genotypes 
which may lead to the discovery of novel sources of CR resistance (Liu and Ogbonnaya 2015). 
Researchers have attempted to identify molecular markers with close proximity linkage to genetic 
regions contributing to CR resistance (Wallwork et al., 2004; Collard et al., 2005a; Bovill et al., 2006; 
Collard et al., 2006; Bovill et al., 2010; Poole et al., 2012; Martin et al., 2015). During these studies, 
markers with significant association to CR resistance were identified on chromosomes 1A, 1D, 3B 
and 4B in 2-49 and on chromosome 2B in Sunco. A recent study by Martin et al. (2015) identified 
thirteen QTL using four partially resistant hexaploid donor lines, including; 2-49, Sunco, IRN497 and 
CPI 133814. Some of these QTL were detected during the seedling stage of the plant growth while 
some were observed during the adult plant stage. For instance, QTL on chromosomes 1AS, 1BS, and 
4BS from 2-49 bread wheat cultivar and on 2BS contributed by Sunco were observed in both seedling 
assays and field experiments, while the QTL on 1DL in 2-49 and the QTL present on 3BL in IRN497 
were only detected in seedling experiments. 
The use of marker-assisted selection would be of great benefit to CR resistance breeding programs 
(Wallwork et al., 2004). Bovill et al. (2006) identified a continuous distribution of CR severity and 
transgressive segregation in double haploid populations (‘W21MMTZ70’ ˟ ‘Mendos’), confirming 
that CR resistance is a quantitative trait. In their study, Bovill et al. (2006) identified three QTL (on 
chromosomes 2B, 2D and 5D), which were different to the main QTL identified by Collard et al. 
(2005b) on chromosomes 1D and 1A, and by Liu et al. (2011) on chromosome 3BL, and by Martin 
et al. (2015) on chromosomes 1DL, 3BL, 1AS, 1BS and 4BS. An approach to combine, or pyramid, 
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multiple genes conferring various resistance traits is likely to be the most effective strategy for 
obtaining durable CR resistance (Bovill et al., 2006). Incorporating partial CR resistance with other 
traits, such as high osmoregulation has also been proposed as a potential method for improving yields 
in marginal areas where both CR and water stress limit crop production (Wildermuth and Morgan, 
2004; Collard et al., 2005a). Liu et al. (2011) identified two QTL on the long arm of chromosome 
3BL, one of which was responsible for a 33% reduction in CR severity and was validated in four 
populations. The authors have also located the same QTL on 3HL of barley which might be 
considered as a homeologous QTL, warranting further investigation. Poole et al. (2012) screened two 
recombinant inbred line populations for resistance to CR. Isolate 006-13 was collected from the 
Pacific North West of the United States, and populations were tested for different types of resistance, 
SR in the glasshouse and APR in the field. They identified QTL with major effects on chromosomes 
2B, 3B, 4B, and 7A, highlighting that the most significant and consistent QTL across different 
environments was located on chromosome 3BL. Martin et al. (2015) conducted experiments in the 
glasshouse and the field on doubled haploid populations derived from partially resistant bread wheat 
including ’Sunco’, 2-49, IRN497 and CPI133817. Markers associated with both types of resistance 
were identified including QTL that showed APR resistance on 1AS, 1BS, 4BS, and 2BS and SR 
resistance on 1DL, 3BL. The APR QTL detected usually have a relatively low explanation of the 
phenotypic variation carrying minor genes with minor effects and conferring only partial resistance 
(Martin et al., 2015). Despite the increase in QTL mapping studies for CR resistance in the last 
decade, there remains a lack of fine mapping studies to better define resistance genes.  
2.3.11 Physiological mechanisms for resistance to crown rot 
In addition to managing CR via genetic control, additional tools, such as PreDicta B, could prove 
useful for CR management in the future (Hollaway et al., 2013). Such tools allow for the designation 
of CR risk categories and subsequently direct management efforts to high-risk areas where traditional 
control strategies, such as cereal free rotations, could be employed. While the main focus has been 
on inoculum reduction to decrease the impact of CR on yield potential, managing water stress during 
grain filling, which is the key factor affecting yield, has not been given sufficient attention. Several 
management strategies could be adopted to reduce soil moisture stress during grain fill, such as 
enhancing the crops’ ability to access water stored deep in the soil profile by better adapting root 
system architecture (Christopher et al., 2015). This goal could be achieved through breeding for 
desirable root architectural traits, such as narrow root angle and high root number, which enables 
improved access to stored moisture deep in the soil (Richard et al., 2015).  
Several studies indicate that whitehead formation, one of the main symptoms of CR, is exacerbated 
by water stress and is a sign of yield and grain quality loss (Klien et al., 1991; Burgess et al., 2001; 
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Smiley et al., 2005; Hollaway and Exell, 2010; Chekali et al., 2011). Hence, the impact of CR could 
be reduced through breeding for deeper root systems to enhance water capture during the grain filling 
stage in deep soils under terminal drought conditions (Manschadi et al., 2006), which is frequently 
experienced in the northern-grain growing region of Australia. However, in environments with 
shallow soils where the crop relies on sporadic in-season rainfall (e.g. Western Australia), a wider 
root growth habit and shallow root system may be preferable to maximise soil water uptake. 
Staygreen is another key trait for yield improvement under water-limited environments (Christopher 
et al., 2008; Christopher et al., 2014), which could be investigated for its potential to reduce losses 
associated with growing crops under CR conditions and prone to terminal drought.  
Early maturity is considered another key physiological trait affecting CR impact. Fast maturity can 
avoid terminal drought and heat stress during grain filling which may also limit the impact of CR. 
This may in part explain the reduced yield loss from barley compared to bread wheat due to its 
relatively earlier maturity (Smiley et al., 2005). Moreover, there is a lack of research into exploring 
the role of heat tolerance traits such as waxy leaves and leaf rolling on reducing the impact of CR. 
Such traits have been reported to enhance the water-use efficiency of the crop (Richards et al., 2010). 
In conclusion, integrated disease management strategies have been evaluated by researchers and 
adopted by farmers to reduce the losses associated with Fp. Genetic resistance has been a major 
pursuit for cereal scientists over the past three decades but has been hampered by the complex nature 
of the disease and the fact that moderate to strong sources of resistance occur in relatively unadapted 
germplasm. It is likely that breeding efforts seeking to combine genes conferring genetic resistance 
to CR and key water-use traits will lead to a step-change in the productivity of cereal cultivars in 
water-limited farming systems in Australia. 
 
2.4 Opportunities to improve yield in water-limited environments  
2.4.1 What are the components of yield?  
Understanding traits affecting yield increase is the main focus of most breeding programs with the 
challenge of feeding the ever-growing world population. Advances in bread wheat yield have been 
communicated in many scientific reports (Austin et al., 1980; Cox et al., 1988; Perry and d'Antuono, 
1989; Siddique et al., 1989; Slafer and Andrade, 1993; Brancourt-Hulmel et al., 2003; Shearman et 
al., 2005). The genetic gain in bread wheat yield had been associated with grains per m2 and increased 
harvest index (Austin et al., 1989; Perry and d'Antuono, 1989; Reynolds et al., 1999) and decreased 
plant height (Berger and Planchon, 1990). By contrast, durum wheat reports have been limited. A 
study by Marti and Slafer (Marti and Slafer, 2014) compared bread and durum wheat in relation to 
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yield components (kernels per m2 and average weight) under different water regimes and nitrogen 
applications. It was found that durum wheat produced less grain than bread wheat but higher average 
kernel weight. In addition, they reported that durum wheat performed better than bread wheat under 
irrigated conditions, while bread wheat was more reliable in rain-fed regions of the Mediterranean 
where durum wheat is usually grown. Furthermore, grain number and size in durum wheat are 
influenced by the number of fertile flowers in each spike. Greater fruiting efficiency may lead to 
smaller flower size, with smaller ovaries resulting in smaller sized kernels (Marti and Slafer, 2014).  
Grain yield (GY) in wheat (including durum wheat) can be defined as a combination of three main 
components: the number of spikes per unit of land, the number of kernels per spike and the average 
weight of the kernels per spike (Simane et al., 1993; Moragues et al., 2006). These components are 
determined during various plant growth stages. The number of tillers per plant is one of the initial 
factors which has a direct impact on yield components and varies according to plant density and the 
amount of nitrogen and water available in the soil (Simane et al., 1993). Following the tillering stage, 
the formation of primordia (the reproduction component of the plant) takes place and during this 
period the vegetative and reproductive parts of the plant compete for resources such as water and 
nutrients (Miralles et al., 2000). The last stage of plant growth is grain filling, which has a direct 
impact on kernel weight. During this process photosynthesised compounds, such as carbohydrates 
and amino acids, are redirected from the stems and leaves into the grains. Studies have shown that 
particularly under heat stress and in water limited environments such as in the Mediterranean region, 
more than 40% of the grain-fill is dependent on translocation of carbohydrates from the stem reserves 
into the grains (Royo et al., 1999). 
2.4.2 What influences yield?  
 Yield is a function of flowering time which is determined by the interaction between management 
practices, genotype and the environmental conditions during the growing season (Flohr et al., 2018). 
Genotype by environment (G×E) interaction can be defined as the variation in comparative 
performance of genotypes in different environments (Cooper and Byth, 1996) or in the same 
environment in different years in the form of yield fluctuation (Trethowan et al., 2005). There are 
many environmental factors that affect plant growth such as light, temperature, water, soil and 
nutrition. Durum wheat is widely grown in the Mediterranean region where temperature and 
precipitation levels are highly variable and inconsistent between and within seasons. In such 
environments crops are subjected to heat and water deficit conditions resulting in yield instability and 
playing a significant role in increasing the gap between yield and yield potential especially in durum 
wheat (Tollenaar and Lee, 2002; Cattivelli et al., 2008). 
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Over the last few decades, there has been a steady increase in crop yield. This increase was a result 
of the genetic improvement achieved by plant breeders, the implementation of improved crop 
management and agronomic practices including implementation of modern farming systems and 
integrated pest management. Thus far a number of studies have suggested that breeding has 
contributed to GY increase, with estimates ranging from 28% (Bell et al., 1995) to 50% (Slafer et al., 
1994) cited by Royo et al. (2007), the remaining 50-72% of yield increase being associated with crop 
management and agronomic practices (Araus et al., 2004). 
2.4.3 Defining environment types based on water availability 
The Australian wheatbelt extends over 12.6 million hectares, representing 56% of the total crop 
growing area, with overall average temperatures of 14°C in the temperate climates to 26°C in the 
subtropical climate. The annual precipitation ranges from 300-600 mm for the majority of the 
Australian wheatbelt (Australian Bureau of Statistics, 2012) which falls at different times of the year 
depending on the dominant climate of the region. This variation in water availability and temperatures 
during different times of the year leads to fluctuation in the total annual wheat production (10-30 
million tonnes annually). The significant variation in production is driven largely by water 
availability, soil characteristics (depth, fertility and the ability to store water) and temperature. When 
considering the value of breeding for drought adaptation it is of great advantage to take into account 
such factors. For example, in the northern growing regions of Australia crops are grown in a highly 
fertile deep black earth (also called Vertisols) (McGarity, 1975; Dalal and Chan, 2001). They are 
subject to frequent and severe terminal droughts and largely rely on stored water deep in the soil. This 
environment highlights the importance of breeding for deeper root systems. By contrast, adapting 
crops for shallow and sandy earth (also referred to as Kandosols) could be achieved via breeding for 
shallower root systems. Such traits may be favoured for these environments particularly as the crop 
depends on in-season precipitation (Chenu et al., 2013). 
2.4.4 Traits underpinning adaptation to water-limited environments  
Water limitation in durum growing areas highlights the importance of breeding for physiological 
traits controlling adaptation to water-scarce environments. However, it has always been a great 
challenge to breed crops for high yield in water limited environments, given the fact that yield is 
controlled by complex genes and constrained by G×E interaction. Despite its complexity, breeding 
for adaptation to drought provides an opportunity for rapid genetic gain leading to enhanced yield 
(Hammer and Jordan, 2007). Traits such as root architecture, transpiration efficiency, flowering time, 
vernalisation, photoperiod genes, staygreen and osmotic adjustment are the foundation for cereal 
adaptation under water limited environments (Christopher et al., 2008). For example, root traits such 
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as narrow root angle, longer roots, and more root branching at depth are the most desirable root traits 
for environments experiencing terminal drought and therefore reliant on stored moisture deep in the 
soil (Christopher et al., 2013). These traits are significantly correlated with yield increase, due to 
increased post-anthesis water use which can be achieved by reducing water use during the pre-
anthesis stage or via increasing the amount of water available to the crop through deeper and more 
efficient root system (Mace et al., 2012). Manschadi et al. (2006) demonstrated in their research a 
yield increase of an extra 55 kg/ha for each millimeter of water extracted from the soil after anthesis 
and during the grain filling stage. The key reason for that yield increase during grain filling was an 
increase in marginal water use efficiency to almost three times after anthesis, in comparison to 
vegetative growth stages (Christopher et al., 2013). Manschadi et al. (2006) also reported that 
SeriM82 (high yielding line from the International Maize and Wheat Improvement Centre CIMMYT) 
displayed deeper roots and more density at depth, in comparison to Hartog root system (Australian 
adapted cultivar). SeriM82 also showed a staygreen trait which was expressed as green leaves and 
stems for a longer period during grain filling under water limited conditions in comparison to Hartog. 
This was strongly linked to the availability of deep soil moisture and was displayed when deeper root 
architecture was present (Christopher et al., 2008). Recent research by Borrell et al. (2014a) revealed 
GY increase as a result of the positive correlation between staygreen and yield increase in sorghum. 
They showed that sorghum near isogenic lines (NILs) with stg genes had higher yield under extreme 
terminal water stress. For example, lines carrying one of the staygreen QTL (Stg1, Stg2, Stg3 and 
Stg4) had yield advantages ranging from 12-36% in two locations in the northern wheat belt across 
different seasons (Borrell et al., 2014b). These QTL were also reported as responsible for controlling 
sorghum canopy by decreasing tillering, reducing the size of the upper leaves and sometimes 
decreasing the number of leaves per culm which reduces overall water demand during the pre-anthesis 
stage and as a consequence increases water availability during the crucial grain-filling stage (Borrell 
et al., 2014a). 
Transpiration efficiency (TE) is also considered an important trait in water scarce environments which 
has the potential to increase yield if the conversion of biomass to grains is efficient and does not 
decrease with an increase in TE (Richards, 2006). It has been proposed that TE in C3 plants including 
wheat is a direct result of the difference in isotope composition of plant carbon (Farquhar et al., 1982). 
Most importantly the concentration of 13C isotope drops in the plant and becomes lower than the 
concentration in the atmosphere. This difference in concentration is referred to as carbon 
discrimination which is negatively correlated with TE and has been confirmed in many crops 
including durum wheat (Richards and Condon, 1993; Merah, 2001). In addition, carbon 
discrimination is genetically controlled and varies significantly between genotypes. Plant breeders 
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usually use parents with low levels of carbon isotope discrimination (i.e. high TE) when breeding for 
high yielding cultivars in water-scarce environments (Lambrides et al., 2004).  
Flowering time is also one of the crucial traits for increasing yield in water limited environments 
(Richards, 1991). The precise timing of flowering is very important in order to minimise losses which 
result on one hand from frost that might coincide with early flowering and on the other hand from the 
dramatic decrease of soil moisture late in the season associated with high temperatures in the case of 
late flowering (Richards, 2006). Time to flowering is measured as the period from sowing to anthesis, 
during which most root growth occurs. Extending this period can promote more root growth deep in 
the soil profile (Wasson et al., 2012). Several breeding programs in Australia have exploited 
lengthening the time to flowering by combining different photoperiod (Ppd) and vernalisation (Vrn) 
genes. By manipulating these genes we can increase the time to flowering and together with other 
drought adaptation traits like deep rooting characteristics can enhance access to water and potentially 
prolong the grain filling period (Richards, 2006). 
2.4.5 Importance of root architecture in durum and other cereals  
In general, cereals have two types of roots: seminal roots which emerge directly from the embryo 
during germination and nodal roots (also called advantageous, crown roots or established roots) which 
develop from axillary buds at the lower internode in sorghum and maize and during tillering stage in 
wheat, barley and rice (Asif and Kamran, 2011).  
Roots and their architecture are vital and of great importance in sourcing underground water and 
nutrients, not only for plant production but also for plant survival, particularly under stress and in 
harsh environments (Manschadi et al., 2006; Asif and Kamran, 2011). The main components of root 
architecture in terms of water accessibility and increased water uptake under water limited conditions 
are root length density (also known as length of roots per unit of soil volume) and root depth, 
responsible for enhancing deep soil water extraction (Asif and Kamran, 2011; Borrell et al., 2014b). 
Seminal root angle (SRA), also called gravitropic set-point angle (Digby and Firn, 1995) has been 
associated with the depth of established roots in the field across different cereal crops such as wheat 
(Christopher et al., 2013), rice (Kato et al., 2006) and sorghum (Mace et al., 2012). Several authors 
have reported mapping studies explaining the variation in root system architecture. For example, 
Mace et al. (2012) found four QTL responsible for 58.2% of phenotypic variation of nodal root angle 
in a sorghum recombinant inbred lines (RIL) population. Three of those QTL were homologous to 
QTL identified in earlier studies in maize and rice and all four QTL were co-located with staygreen 
QTL in sorghum. Genetic studies have also confirmed variation in those traits in major crops. For 
example, QTL mapping has explained up to 30% variation in root traits in both rice and maize (Price 
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et al., 2002; Giuliani et al., 2005) and up to 50% variation in wheat (Berkman et al., 2012). This 
variation in root traits is mostly regulated by multiple adaptive genes with minor additive effects often 
combined with epistasis resulting in G×E interaction (Tuberosa et al., 2002a; MacMillan et al., 2006; 
de Dorlodot et al., 2007; Cooper et al., 2009; Christopher et al., 2013).  
To date, several research studies have identified QTL conferring traits associated with enhancing root 
water and nutrients capacity intake. For example, in rice 119 QTL were reported in 24 papers, the 
majority of which were conferring maximum root length across multiple populations and 
environments and were positioned predominantly on chromosomes 1 and 9 (Courtois et al., 2009). In 
barley, semi-dwarfing genes have also displayed greater root system size in comparison to genotypes 
with non-semi-dwarf genes at the same loci (Chloupek et al., 2006). In a recent unique study, Uga et 
al. (2013) have identified and cloned a gene called DEEP ROOTING 1 (DRO1) in rice located on 
chromosome 9 and responsible for increasing the gravitropic response in the tips of the roots. This 
gene controls rooting at depth which leads to increased tolerance to water deficit environments with 
no yield penalty under irrigated conditions (Hammer, 2014). In maize, a major QTL was reported as 
constitutive and was associated with crown root angle, branching, and thickness and showed 
consistent response across different environments under controlled conditions and in the field under 
different water treatments (Giuliani et al., 2005).  
The importance of these traits has encouraged plant breeders to incorporate them into cultivars. 
Varieties carrying these traits are able to better perform under water limitations, especially in the arid 
and semi-arid wheat production areas of the world. Targeting these proxy traits have contributed to 
maximising yield production as a result of increased water capture, predominantly after flowering 
and during the grain filling period (Carvalho et al., 2014). 
2.4.6 Root trait phenotyping methods  
The significance of root traits in increasing yield under water limited environments has long been 
recognised (Richards, 1991) and they have long been indirectly selected for the highest yield (Wasson 
et al., 2012). Yet, the incorporation of root traits into breeding programs has been fraught with 
challenges including insufficient studies dealing with their genetic control and the difficulties 
associated with finding the right method for measuring those traits for large numbers of plants in the 
field (Mace et al., 2012). Traditional genetic studies on root traits were faced with many challenges, 
including the complex quantitative genetic nature of root traits and their significant interaction with 
the environment. Moreover, phenotyping root traits was confronted by challenges associated with 
finding suitable method for screening, especially in the field. This encouraged researchers to explore 
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for high throughput laboratory-based methods that are performed as proxy for field experiments 
(Petrarulo et al., 2015).  
2.4.6.1 Laboratory and glasshouse based phenotyping methods 
Evaluating root traits in controlled environments has a number of significant advantages. Controlled 
conditions provide a homogeneous environment for the plants and allow for off season screening as 
well as screening during the seedling stage. In addition, it is less time consuming and more 
economical in comparison to screening for root traits in the field. 
One of the most common lab-based phenotyping methods is using gel- or soil-filled chambers to 
visualise and measure many root architecture traits including root depth, length and seminal root 
angle and number (Figure 2.7).  
 
Figure 2.7 Soil and gel filled chambers showing seminal root traits of the seedling stage after 
scanning on a flat board scanner. From Keith et al. (2004). 
Chambers are scanned by a flatbed scanner without damaging the root system. This method was used 
successfully by Keith et al. (2004) to compare seminal root angle on a number of wild, cultivated, 
and landraces of barley. Overall, the results from either gel-filled or soil-filled chambers were similar 
with wild barley displaying the narrowest root angle and lower root number in comparison to the 
landraces and cultivated barley. Manschadi et al. (2008) also used gel-filled chambers to screen a 
range of Australian and CIMMYT wheat genotypes for seminal root number (SRN) and SRA in 
glasshouse conditions. This method enables screening genotypes for root architecture traits in the 
early plant seedling stage (5 days after sowing) as the seedlings are totally reliant on the nutrients 
within the seed, given the absence of nutrients in the media. They also assessed root traits using soil-
filled chambers which allowed for studying the plants in more advanced growing stages. However, 
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such screening methodologies are low throughput and labour intensive. Another laboratory-based 
method involves visualising roots through transparent glass walls called rhizotrons. This method 
allows for non-intrusive root observation in a controlled environment. However, it is difficult to apply 
on large populations and it is best suited for long-term projects as it requires the installment of heavy 
and expensive equipment (McMichael and Zak, 2006). Also, air gaps forming between the soil and 
the glass when filling the compartments with soil may affect the growth pattern of the roots. Root 
traits have also been characterised using hydroponics (Miyamoto et al., 2001) and growth pouches 
(Hund et al., 2009). Recently the ‘clear pot’ method (Figure 2.8) was developed by Richard et al. 
(2015) for screening SRN and SRA at a very low cost and high throughput.  
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Figure 2.8 Summary of the clear pot method. Seedlings five days after sowing (A). Panoramic image 
of the entire pot using software (Photostitch) (B). Root angle measurement between the first pair of 
seminal roots using ImageJ (C). From Richard et al. (2015).  
This method was compared to the growth pouch method. It was found that the clear pot method was 
most suitable for screening large populations, required less time and space and was rapid in 
comparison to the growth pouch. Furthermore, the clear pot method displayed a higher genetic 
correlation and heritability, suggesting that this method is the highest throughput and repeatable 
method when phenotyping seminal root characteristics in glass house assays (Richard et al., 2015).  
2.4.6.2 Field-based phenotyping methods 
While laboratory methods provide artificial conditions for root growth, field-based methods conduct 
phenotyping for root traits in their natural environment. Field and laboratory conditions differ in many 
aspects, including microorganism structure, minerals, physical barriers and soil type. Methods for 
phenotyping roots in the field range from destructive techniques, such as excavating roots out of the 
soil to non-destructive procedures using minirhizotrons or X-ray computed tomography which 
permits monitoring root system architecture repeatedly (Rewald and Ephrath, 2012). Below are a few 
of the phenotyping methods that have been used extensively in the field. 
X-ray computed tomography 
Screening root traits in crop plants directly in the field is very challenging, costly, laborious and a 
time-consuming exercise, especially when screening for large numbers of genotypes essential for 
performing QTL mapping (A. Richards, 2008; Christopher et al., 2013; Cane et al., 2014). In addition, 
root phenotyping in the field may result in a significant loss of geometry of the roots (Nagel et al., 
2009). Computed tomography has been used by Mooney et al. (2012) in order to visualise roots in 
the field without disturbing the soil. It provides a three dimensional representation of the root system 
in the soil and presents new possibilities for examining root growth and development in situ. CT 
scanning can be combined with lab-based screening methods, such as gel-filled chambers or 
hydroponics which allows for rapid screening for root traits of large populations (Mooney et al., 
2012). X-ray CT scan has been successfully used to examine root traits for many crops including 
wheat (Mooney et al., 2006), barley (Hargreaves et al., 2009), maize (Lontoc-Roy et al., 2006) and 
soybean (Tollner et al., 1994). Despite the fact that this screening method has many advantages for 
screening root traits in the field, it remains costly and distinguishing between the roots of the target 
plant and other roots in the soil may be challenging at times (Tracy et al., 2010).  
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Minirhizotrons: 
Roots may also be monitored in situ through the use of small clear tubes placed under the root system 
called minirhizotrons. A mini camera is inserted in the tube at the root level to take images displaying 
root traits such as root number, growth rate and root length (Figure 2.9) (Rewald and Ephrath, 2012). 
Minirhizotrons provide direct access to root system architecture with minimal disturbance and are 
relatively inexpensive and portable, allowing for repeated use in different locations. However, 
minirhizotrons capture only the proportion of the root system architecture that is positioned in front 
of the camera. This does not provide a full picture of the entire root system architecture. In addition, 
air gaps may form at the interface of the soil and inserted tube, affecting root growth; and tubes may 
also be subject to moisture condensation, hindering the clarity of captured images (McMichael and 
Zak, 2006). Furthermore, camera lighting systems disturb root growth patterns and can lead to soil 
temperature increases of up to 3.5 °C (Rewald and Ephrath, 2012).  
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Figure 2.9 A diagram showing two different ways of setting up the minirhizotrons observation tube 
(45 or 90 degrees angle). Captured pictures are transferred from the digital camera or scanner to the 
computer for analysis (Rewald and Ephrath, 2012). 
Shovelomics: 
This method was developed by Traschel et al. (2011) and involves excavating plants from the ground 
using a shovel. A circle 40 cm in diameter and 25cm in depth is hollowed out and roots are cleaned 
from the soil and visually scored. This method is particularly useful in generating reliable visual data 
in the presence of all biotic and abiotic complexity of the field in situ. Using this method, root traits 
could be measured manually in the field or analysed from the captured images. For example, to 
enhance the shovelomics method, a digital image processing software ‘DIRT’ was developed and 
used for measuring 30 root traits simultaneously following imaging (Bucksch et al., 2014). In 
addition, Root Estimator for Shovelomics Traits (REST) was developed and adapted to MatLab 7.12 
and enables high-quality image capture coupled with high throughput image processing (Colombi et 
al., 2015). 
2.4.7 Integrating selection for root traits into durum breeding programs  
Durum breeding programs around the world are largely devoted to increasing yield and the quality 
required for making pasta. Historically, a dramatic yield increase was noted at the International Maize 
and Wheat Improvement Centre (CIMMYT) 50 years ago after the introduction of dwarf genes (e.g. 
Rht-B1 located on 4BS) and enhancing photoperiod insensitivity into new adapted cultivars. The 
photoperiod insensitivity was one of the important outcomes of the shuttle breeding program, 
achieving two generations of wheat per year (Rajaram and Hettel, 1995). The target for most crop 
breeding programs, including durum wheat, is yield increase through applying selection on a number 
of yield traits. The most targeted traits for increasing yield potential have been above-ground traits 
including biomass, number of spikelets per spike, number of tillers per plant and the average weight 
of kernels as well as durable resistance to pathogens such as rusts (Paez-Garcia et al., 2015). In 
addition, traits like early flowering and reducing time required for the crop to complete its life cycle 
are significantly associated with higher yield. Selection for such traits aiming for higher yield 
unintentionally resulted in selecting for the most efficient root traits (Paez-Garcia et al., 2015).  
Yield is the most complex trait targeted by plant breeders and is influenced by G×E interaction. It is 
also subject to complex genetic control resulting in low heritability, especially in rainfed 
environments and marginal durum wheat-growing areas (Mohammadi and Amri, 2013). This 
highlights the importance of root traits as proxy traits for increasing yield via increasing root 
capability in accessing water and nutrients deep in the soil. Root proxy traits can lead to increased 
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yield at a greater pace when integrated into breeding programs in comparison to selecting for yield 
per se. This is a consequence of roots having high heritability and low G×E interaction resulting in 
enhancing yield more efficiently (Christopher et al., 2015).  
Breeders’ hesitation to incorporate such traits into breeding programs has been due to challenges 
associated with phenotyping underground root traits and the lack of DNA markers associated with 
root traits architecture. However, the development of previously mentioned root phenotyping 
methods may eventually lead to a better understanding of root functions and variation. Including root 
traits in breeding programs as a proxy trait for yield increase can lead to faster genetic gain, especially 
in marginal growing areas of wheat. For example, introgressing DRO1 gene into a shallow root rice 
genotype resulted in deeper roots and better access to water and increased yield under water limited 
conditions without interaction with above ground traits (Hammer, 2014). This example highlights the 
role of including root traits in breeding programs and its potential effect on enhancing plant capacity 
to better perform in harsh and marginal environments and therefore contribute to higher and more 
sustainable grain production in varying soils and environments.  
 
2.5 Accelerating genetic gain for complex traits 
2.5.1 Traditional breeding approaches based on yield  
Selection for high yield has been the key objective of traditional breeding programs worldwide. High 
yield can be achieved only through combining all traits responsible directly or indirectly for higher 
yield. These include traits such as resistance to biotic stresses and abiotic stresses. The key challenge 
for traditional breeding programs is combining all desired traits concurrently into one useful variety 
that can be used by farmers (Breseghello and Coelho, 2013). This is difficult due to different gene 
correlations between various traits, such that selecting for a trait may affect another trait in the 
anticipated direction or in an undesired direction. Furthermore, repeated selection for specific traits 
results in narrowing the genetic variation of the elite material and as a result some highly desired 
genes might be lost during selection (Zamir, 2001). This puts the developed material at future risk of 
unknown biotic and abiotic stresses. In addition to these challenges, breeding cycles are known to be 
slow and require 10-12 years to incorporate a resistance gene into a high yielding elite cultivar, during 
which some other desired traits might be lost, requiring another breeding cycle. As genetic gain 
increases during the prolonged breeding cycle the cost of evaluating high numbers of genotypes 
increases. This highlights the importance of implementing marker-assisted selection associated with 
traits of interest and effectively utilising them in breeding programs to speed up the genetic gain. 
 74 
 
2.5.2 Methods to reduce the length of breeding cycles  
The rate of genetic gain over a period of time is outlined in the breeding equation (Equation 1). 
Rt =
irA 
y
 
Equation 1: Breeding equation for accelerating genetic gain. Rt–genetic gain over time, i–selection 
intensity, r – selection accuracy, A – genetic variance and y – years per breeding cycle.  
 
Time is the denominator in the breeding equation, therefore reducing the time required for the 
breeding cycles is fundamental to maximising genetic gain over time (Falconer et al., 1996). It is 
common for a breeding cycle to require over 10 years to incorporate a resistant gene into elite 
germplasm. However, in the 1950s Norman Borlaug introduced an off season field testing technique 
called “shuttle breeding”, where the tested material was moved between Northwest (winter season) 
and central Mexico (summer season) with the aim of producing two plant generations per year. The 
implementation of this method allowed for a 50% reduction in time required for completing a 
breeding cycle (Borlaug, 2007).  
Another approach for increasing the number of generations per year involved growing two 
generations of plants in controlled conditions during summer and autumn and the third generation in 
the field (Acquaah, 2009). This method was implemented successfully for rapid generation advance 
with the single seed descent (SSD) method. In addition, the development of double haploid (DH) 
populations has been the breakthrough in reducing the number of years required for one breeding 
cycle to only three years. The first year involves making the crosses and growing the F1 seeds, the 
second year involves growing the F1 in the glasshouse and doubling the chromosomes and the third 
year involves seed increase. This technique generates homozygous inbred lines using one of the 
parents gametes (Acquaah, 2009). Despite its importance in reducing the time required for generating 
homozygous lines, the DH method does not allow evaluation and selection for the traits of interest. 
This is a result of the lines being fixed in one generation. In addition, DH technology is expensive, 
labour intensive and requires a high level of experience. 
Growing plants under prolonged photoperiod and controlled temperatures, known as ‘speed 
breeding’, was adopted by the University of Queensland, Australia and John Innes Centre, UK 
(Watson et al., 2018). In addition to controlled light and temperature, the concept of speed breeding 
requires modifications in fertilisers to accelerate plant development (Hickey et al., 2009; Hickey et 
al., 2010). The method has since been optimised to achieve an impressive six plant generations of 
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durum wheat, bread wheat, chickpea and canola per year (Watson et al., 2018). This dramatic increase 
in the number of generations per year results in increased genetic gain over time by applying 
phenotypic selection and also rapid generation advancement. This technology has been routinely used 
for phenotypic screening of a number of traits and diseases including; grain dormancy (Hickey et al., 
2010), stripe rust (Hickey et al., 2011), root traits (Christopher et al., 2015), yellow spot (Dinglasan 
et al., 2016) and CR and leaf rust as described in Chapter 3. These phenotypic screening protocols 
enable phenotypic selection in parallel with rapid generation advancement to accelerate the 
development of inbred lines enriched with target desired traits.  
2.5.3 Field-based high throughput phenotyping  
Phenotyping in the field has been one of the most challenging and costly tasks of plant breeding 
programs, requiring intensive labour, time and experience. However, in recent years great advances 
in technology have started to pave the way for high throughput field screening platforms. The 
development of such platforms coincided with an increasing interest in its use by plant phenomic 
centres, universities and multinational breeding and seed companies around the world (Giglioti et al., 
2015). High throughput phenotyping platforms have greatly assisted in the development of field 
screening of complex traits such as yield, drought adaptation, pathogen virulence or aggressiveness 
and plant resistance traits, rendering data collection more efficient and consistent across the field. 
Some of the important traits that have been correlated with high yield potential and adaptation to heat 
and drought stress include staygreen (or rate of senescence) and canopy temperature. These traits can 
be measured using mobile ground-based platforms such as ‘phenomobiles’ or aerial based systems 
such as aeroplanes and drones (Araus and Cairns, 2014). These high throughput phenotyping 
platforms are a combination of cutting-edge technology in remote sensing, high throughput 
computing systems and aeronautics. They reduce costs and open the door for more efficient 
phenotyping in the field as well as enabling entire field screening simultaneously.  
Staygreen can be measured using conventional digital cameras mounted on a drone and an estimation 
of ground cover and green biomass is evaluated and analysed. Staygreen can also be measured using 
the Normalised Difference Vegetative Index (NDVI) which assists in determining the variability and 
performance of different genotypes. The experimental material is measured weekly from sowing and 
the raw NDVI data can be used to model water use traits such as early vigour, total biomass and 
staygreen. It is very important to direct the sensors towards the soil and maintain similar height when 
measuring all plots. Christopher et al. (2014) reported that high yielding genotypes were positively 
correlated with high maximum NDVI in water limited environments.  
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Canopy temperature has also been studied during the growing season using remote sensing 
phenotyping. This trait is considered a proxy trait which positively correlates with high yield and 
deeper root systems in wheat (Lopes and Reynolds, 2010). The remote sensing phenotyping approach 
relies on the information provided by the visible near-infrared (VIS-NIR) and far-infrared radiation 
reflected from the crop canopy (Berger et al., 2010). In addition, this approach can be used to measure 
staygreen, photosynthetic transpiration, GY and the quality of the grain. Remote sensors, cameras 
and manual data collection produced similar results in cotton crops (Andrade-Sanchez et al., 2013). 
However, drone-based platforms are still under development and while the GreenSeeker, which is a 
hand-held system, is more labour intensive, it has been shown to be highly effective. Currently, while 
breeding programs have limited capacity to integrate these types of technologies, using these tools in 
a research context and understanding the genes involved (such as staygreen) could lead to the 
development of DNA markers which could be integrated into breeding programs using marker 
platforms. 
2.5.4 Molecular tools  
Molecular markers are fragments of DNA associated with a trait of interest which can be used in plant 
breeding for increasing efficiency and accuracy of selection. Researchers and plant breeders pinpoint 
markers associated with QTL in order to incorporate them into their research and breeding programs. 
These markers are able to identify and track variation and detect differences in DNA on the level of 
a single nucleotide and enable plant breeders to associate these changes with particular traits. It can 
also be used to identify genetic differences within a species and also the genetic relationship between 
individuals and their offspring. Plant breeders have used this variation as genetic markers to assist in 
selecting parental lines, mapping populations, QTL mapping and mapping traits of interest (Jain et 
al., 2010). Genotyping using molecular markers assists plant breeders in selecting for or against a 
specific gene before conducting subsequent trials. This is essential for a successful plant breeding 
program to incorporate the trait of interest in the elite cultivar, thus reducing the breeding cycles 
(Bagge and Lübberstedt, 2008).  
The last thirty years have seen significant advances in the area of molecular marker technology, partly 
as a result of greater demand for more cost-effective high throughput methods (Mir et al., 2013). 
Molecular markers may be categorised into three groups: historical molecular markers, high 
throughput sequence variation markers, and diversity array technology Historically, molecular 
markers such as Restriction Fragment Length Polymorphism (RLFP), Random Amplification of 
Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP) and Simple 
Sequence Repeats (SSR) have been used. This group of markers has been overtaken in the last decade 
by the high throughput sequence variation markers, Single Nucleotide Polymorphism (SNP), due to 
 77 
 
their abundance, amenability and transferability to high and ultra-high automation (Mammadov et 
al., 2012). In addition, SNP markers provide the highest map resolution, due to high coverage as a 
result of the identification of abundant numbers of those markers in many important crops such as 
rice, soybean and barley. The significant advances in genotyping technology such as genotype by 
sequencing (GBS) have resulted in more adoption of SNPs in genomic studies (Avni et al., 2014).  
Diversity array technology (DArT) utilises methylation-sensitive restriction enzymes to digest the 
repetitive fractions of the DNA resulting in complexity reduction. This highlights the variation in the 
remaining genome of the organism. DArT is sequence independent, cost-effective and high 
throughput and able to scan the whole genome with several hundred polymorphic loci (Marone et al., 
2012). DArT markers have been used for a variety of crops such as barley (Wenzl et al., 2004) and 
wheat (Akbari et al., 2006), however only limited attention has been given to durum wheat 
(Mantovani et al., 2008). The development of a genotyping platform for durum wheat has permitted 
the addition of more markers to the genetic maps (Mantovani et al., 2008; Peleg et al., 2008). With 
the increasing demand for marker assisted selection and availability of next-generation sequencing 
platforms, DArT has recently developed DArTseq, a genotype by sequencing (GBS) platform. 
DArTseq is not only ultra-high density platform but is low cost (Table 2.1) and is increasingly used 
in crop improvement. Furthermore, once sequences associated with a trait are identified (for instance 
using a GBS system), they can be converted to ‘Kompetitive Allele Specific PCR’ (KASP) markers 
for cheap targeted use in breeding programs (Ramirez‐Gonzalez et al., 2015).
 78 
 
Table 2.2 Costs associated with genotyping platforms for genomic selection of wheat from (Bassi et al., 2016). 
Platform Number of markers Cost per individual (US $) Advantage Disadvantages Provider 
KASPAr 90 1 No missing data Bi-allelic LGC Genomics 
   Co-dominant   
   Scalable number of markers   
Illumina 15K 10,000 35 No missing data Bi-allelic Various 
   Co-dominant   
Genotyping by Sequencing 10,000 12 Multi-allelic Lots of missing data Universities 
   Co-dominant Massive data  
DArT Seq 10,000 25 Multi-allelic Missing data Triticarte 
   Co-dominant   
Illumina 90K 15,000 50 No missing data Bi-allelic Various 
   Co-dominant   
Axiom 35K 20,000 50 No missing data Bi-allelic Affymetrix 
   Co-dominant   
Axiom 850K 300,000 250 No missing data Bi-allelic Affymetrix 
   Co-dominant Massive data  
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2.5.5 QTL mapping approaches  
QTL mapping involves establishing an association between a quantifiable phenotype and a molecular 
marker. With the aid of statistical analysis and combining the genotypic and phenotypic data, 
scientists are able to identify regions of the DNA referred to as QTL which confer the phenotypic 
variation in the mapping populations. To be able to establish this association between phenotype and 
genotype, large numbers of individuals are required to highlight the QTL responsible for the trait of 
interest. 
In bi-parental linkage mapping (also referred to as traditional QTL mapping) crosses are made 
between two elite parents or an elite and an exotic parent carrying the trait(s) of interest in order to 
generate segregating populations for the target trait(s). Wheat is an inbreeding species, so after the 
cross is made, typically, a series of selfing generations are performed to generate inbred lines that are 
genetically stable. These are desirable for replicated evaluation and testing in multiple environments 
or against multiple pathotypes. This process assists in dissecting genetic architecture controlling the 
trait(s) of interest which are of great value to plant breeders (Würschum, 2012). The individuals in 
the segregating population are genotyped and phenotyped in order to screen for the trait(s) of interest 
accurately and rapidly, enabling the discovery of links and the association between plant genes and 
their expression in the form of traits (Giglioti et al., 2015). However, the small size of early 
generations in segregating populations usually hinders the power of QTL detection and heritability is 
low in these populations. 
Association mapping (AM), also known as linkage disequilibrium (LD) mapping, is based on the LD 
between the QTL and the molecular marker. It is widely used by researchers to characterise and 
identify genetic architecture by highlighting QTL responsible for traits of interest across large 
unrelated genotypes such as diversity panels and breeding populations. The advantages of AM over 
bi-parental QTL mapping is that the mapping populations in AM are naturally existing populations 
or collections that are already fixed lines and therefore provide higher resolution mapping. However, 
the high dependence of AM on LD results in reduced QTL detection power. In addition, AM could 
result in false positive results in the case of mapping unstructured populations. This raises the 
importance of understanding the relatedness between all mapping population individuals in order to 
recognise the population structure. Overall, bi-parental and AM for QTL mapping can be considered 
useful tools for identifying QTL controlling traits of interest due to their complementary strengths. 
A novel mapping tool called nested association mapping (NAM) has been developed to bring together 
the advantages of both bi-parental and association mapping while eliminating the disadvantages. 
NAM has the benefit of high allele richness, high statistical power, low number of SNPs necessary 
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for whole genome scan and high mapping resolution (Yu et al., 2008; Buckler et al., 2009). NAM 
population structure is based on crossing a panel of donor lines with a number of reference lines (often 
an elite cultivar), then producing RILs from each donor and reference line cross. This introduces 
chromosomal diversity in the form of ‘mosaic’ segments from each donor line sharing the same 
reference background.  
NAM was first applied by Yu and Buckler (2006) to study the effect of a large number of QTL 
controlling the flowering time in maize. Since then NAM populations for many cereal crops have 
been developed including sorghum (Mace et al., 2013), wheat (Richard et al. 2015), barley (Robinson 
et al. 2015) and soybean (Guo et al., 2013) and has shown its ability to dissect complex biotic and 
abiotic traits. However, a NAM population for durum wheat has not yet been developed. Considering 
NAM success in other cereal crops, this is an exciting opportunity. A NAM population for durum 
wheat would provide a valuable resource for the pre-breeding and research community. While 
analysis of the whole population is desirable, it is not necessary to perform mapping for the trait of 
interest. Initially, the founders for the population could be assayed for the trait of interest and then 
based on these results, sub-populations derived from founders carrying the desirable trait could be 
evaluated, enabling a more targeted mapping approach. This is particularly suitable for assays that 
are time consuming or field experiments that are expensive and require large numbers of genotypes. 
2.5.6 Incorporating the use of markers in breeding programs  
Marker assisted selection (MAS) involves the use of molecular markers that are linked to a particular 
target gene. It has proven to be a promising tool in breeding programs for improving selection 
efficiency and saving time and money, enabling identification of traits of interest in the early stages 
of population development. Progenies with undesired combinations of agronomic traits can be 
discarded while those carrying most of the elite parent’s background as well as the traits of interest 
can be retained (Jain et al., 2010). MAS is a useful tool for detecting a single major gene controlling 
a specific trait. In wheat, rust resistance genes (Lr34, Yr36), eyespot resistant gene (Pch1) and two 
QTL conferring resistance to FHB ((1 and Qfhs.ifa-5A) have been successfully selected in breeding 
programs using MAS. Examples of successful application of MAS to barley include mlo resistant 
gene to barley powdery mildew and rym4/rym5 to barley yellow mosaics viruses (Miedaner and 
Korzun, 2012). 
Key advantages of MAS are reducing time and cost and increasing breeding efficiency through the 
ability to select for multiple traits simultaneously. This results in multiple gene pyramiding through 
more precise and accurate selection and less efforts in applying phenotyping procedures. Marker 
Assisted Backcross (MABC) is one of the simplest forms of MAS and is used to identify and map the 
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introgressed genes or QTL with major effects. MABC was undertaken by Ribaut and Ragot (Ribaut 
and Ragot, 2007) where they crossed a donor line with a drought-susceptible parent and were able to 
recombine five QTL responsible for flowering time and yield increase in maize in water limited 
environments. However, MABC is not applicable when a high number of QTL with minor effects 
control complex traits such as yield and drought adaptation (de Dorlodot et al., 2007; Araus et al., 
2008). 
Bernardo (Bernardo, 2008) argued that when screening for traits with complex genetic control such 
as drought yield and adaptation, a high number of QTL control such traits and therefore the use of 
Marker Assisted Recurrent Selection (MARS) and genome-wide selection is more appropriate. In 
MARS, individuals with desirable alleles are selected from a population using molecular markers that 
are significantly associated with traits of interest and used for crossing. This process is repeated for a 
few cycles in order to enhance the performance of the developed population in regards to the traits of 
interest. The mean performance of the new population is superior to the original population without 
major effects on genetic diversity. MARS has not been reported in wheat, but it has been successfully 
used in increasing the performance of developed populations of soybean, sunflower and maize (Tester 
and Langridge, 2010). MARS was also compared to conventional breeding using phenotypic 
selection in 248 European and North American populations and made not only twice as much genetic 
gain but also higher performance of populations (Eathington et al., 2007). 
Genomic Selection (GS) is a marker-based selection approach which uses all available markers at the 
same time in order to predict and calculate the genomic estimated breeding values (GEBVs) for 
individuals of a breeding population using only genetic data from each individual. These values are 
calculated by a statistical model after using both phenotypic and genotypic data from the individuals 
of a training population (Heffner et al., 2009; Bassi et al., 2016). The markers used in genomic 
selection enable the selection of individuals with the highest breeding values without missing QTL 
with minor effects (Guo et al., 2012; Lorenz, 2013). Genomic selection has been effectively used in 
both animal and plant breeding programs. This approach has been shown by researchers to have a 
higher genetic gain when implemented in comparison to traditional breeding (Bassi et al., 2016). 
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Chapter 3. Rapid screening for above and below ground traits in durum wheat 
CHAPTER 3 
 
Rapid Screening For Above and Below Ground Traits in Durum 
Wheat 
 
3.1 Abstract 
Phenotyping traits such as crown rot tolerance and root system architecture in the field can be 
challenging and selections are often limited to once a year in the main growing season. 
Therefore, the introduction and pyramiding of these traits in breeding programs can be a 
lengthy process because it requires numerous generations to be cycled and evaluated before a 
variety is potentially released. However, the rapid generation advance technology called ‘speed 
breeding’ enables up to six generations per year and some traits can be faithfully phenotyped 
in parallel with rapid generation cycling. Here, for the first time this approach is applied in 
durum wheat by integrating phenotyping and selection for key traits, including above and 
below ground traits on the same set of plants. This involved phenotyping for tolerance to CR, 
seminal root angle (SRA), seminal root number (SRN), resistance to leaf rust (LR) and plant 
height (PH). In durum wheat, these traits are desirable in environments where yield is limited 
by in-season rainfall with the occurrence of CR and epidemics of LR. To evaluate this screening 
approach for above and below ground traits, we applied selection to a large segregating F2 
population (n = 1,000) derived from a bi-parental cross (Outrob4/Caparoi). A weighted 
selection index (SI) was developed and applied. The gain for each trait was determined by 
evaluating F3 progeny derived from 100 ‘selected’ and 100 ‘unselected’ F2 individuals. 
Transgressive segregation was observed for all assayed traits in the Outrob4/Caparoi F2 
population. Application of the SI successfully shifted the population mean for four traits, as 
determined by a significant mean difference between ‘selected’ and ‘unselected’ F3 families 
for CR resistance, SRA, SRN and LR resistance. No significant shift for PH was observed. The 
novel protocols for phenotyping CR tolerance and root system architecture traits along with 
other important traits for the pre-breeding programs such as LR and PH, enables screening of 
above- and below-ground traits in the same generation in parallel with other important traits 
such as LR and PH. It presents a useful tool for rapid selection of early filial generations or for 
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the characterisation of the fixed lines out-of-season. Further, it offers efficient use of resources 
by assaying multiple traits on the same set of plants. Results suggest that when performed in 
parallel with speed breeding in early generations, selection will enrich recombinant inbred lines 
(RILs) with desirable alleles and will reduce the length and number of years required to 
combine these traits in elite breeding populations and therefore cultivars. 
 
3.2 Introduction 
Chapter 2 outlined the importance of durum wheat globally in the human diet as well as 
challenges associated with durum wheat production. Briefly, the number one constraint 
limiting production is insufficient water availability, as variable in-season rainfall can 
dramatically affect yield and grain quality (Able and Atienza, 2014). In addition, durum wheat 
production is restricted due to susceptibility to several fungal diseases. Specifically, in 
comparison to bread wheat (Triticum aestivum L.), durum wheat cultivars are particularly 
susceptible to Fusarium species, including Fg and Fp, which cause FHB (Sutton, 1982; Prat et 
al., 2017) and crown rot (CR) (Paulitz et al., 2002; Backhouse et al., 2004; Smiley et al., 2005), 
respectively. CR is an increasing issue in many parts of the world due to the adoption of 
minimum tillage practices, which retains the inoculum on stubble across seasons (Burgess, 
2001; Simpfendorfer et al., 2004). Notably, yield losses due to CR are exacerbated under 
terminal drought conditions (Blaker and MacDonald, 1981; Wiese, 1987; Beddis and Burgess, 
1992; Smiley et al., 1996; Li et al., 2008), thus drought adaptation features related to increased 
water uptake and or water-use efficiency are expected to reduce production losses in CR 
affected production systems. Air-borne pathogens, such as rust, also pose an ongoing constraint 
as races constantly evolve to acquire new virulence against the deployed resistance genes. 
Several studies have reported a number of highly virulent isolates of the leaf rust (LR) pathogen 
Puccinia triticina in major durum production areas such as North Africa (Aoun et al., 2016), 
Southern Europe (Martinez et al., 2005; Goyeau et al., 2012), and West Asia (Ordoñez and 
Kolmer, 2007) and have now rendered susceptible many previously resistant durum cultivars. 
Traditional cereal breeding programs around the world have delivered many significant 
improved varieties over the past 100 years. Nonetheless, progress is slow, in part due to lengthy 
breeding cycles which often take 10 to 15 years from cross to cultivar release (Hickey et al., 
2017). However, the major challenge is associated with developing reliable assays that could 
assist in combining large numbers of polygenic natured traits (Breseghello and Coelho, 2013). 
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For example, several methods for screening CR tolerance were developed (Purss, 1966; Klein 
et al., 1985; Dodman and Wildermuth, 1989; Mitter et al., 2006; Yang et al., 2010) however, 
often displayed low level of repeatability and confounded by the high level of variability due 
to the infection nature of the pathogen, moisture availability, soil types and the interaction with 
environment. Similarly, phenotyping root system architecture in the field has been challenged 
by many factors including cost of machinery, low-throughput, (A. Richards, 2008; Christopher 
et al., 2013; Cane et al., 2014) lack of repeatability, loss of root geometry (Nagel et al., 2009), 
and a high degree of interaction with the environment (Gregory et al., 2009). Therefore, there 
is an urgent need for developing high-throughput phenotyping methods for complex traits such 
as CR and roots that can be highly correlated with the field and conducted out-of-season. High-
throughput methods also could be combined with other breeding methodologies such as 
marker-assisted selection (MAS) in the early generations of population development. 
While MAS has proven itself a useful tool in crop improvement programs, the approach is most 
effective when targeting a small number of genes with large effect, such as LR resistance genes 
(e.g. Lr23) in bread and durum wheat (Chhetri et al., 2017) and Yr15 in durum wheat (Yaniv 
et al., 2015). In addition, MAS can only be applied if the target gene or quantitative trait loci 
(QTL) responsible for the trait of interest is known. Thus, MAS is less feasible for complex 
traits for which little is known about the underlying genetic controls (Budak et al., 2013). 
Recently, genomic selection (GS) has overcome the limitations of MAS as it uses genome-
wide markers to estimate the breeding values (EBVs), which provide an estimate of the 
genomic merit associated with all minor or major effects across the entire genome (Heffner et 
al., 2009; Bassi et al., 2016). GS also facilitates selection for multiple traits in parallel; yet 
despite the efficiency and promise of this breeding tool, costs associated with genotyping large 
numbers of selection candidates is still relatively high to facilitate full adoption in the majority 
of wheat breeding programs. Further, GS is typically applied to inbred lines (Poland et al., 
2012; Crossa et al., 2013; Rutkoski et al., 2013), therefore the rate of progress is limited by the 
time required to make crosses and generate new selection candidates that are genetically stable. 
Recently, a new technology for rapid generation advancement, named ‘speed breeding’, has 
been refined to achieve up to 6 generations of wheat per year (Watson et al., 2018), thus 
presenting a useful tool to reduce the length of breeding cycles. Several phenotyping protocols 
adapted to the speed breeding system have been developed, which enable characterisation and 
selection for important traits. Examples include seminal root traits for drought adaptation 
(Richard et al., 2015), grain dormancy for tolerance to pre-harvest sprouting (Hickey et al., 
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2009; Hickey et al., 2010), and disease traits such as adult plant resistance (APR) to LR (Riaz 
et al., 2016), stripe rust (Hickey et al., 2011) and yellow spot (Dinglasan et al., 2016) in bread 
wheat.  
Importantly, these protocols provide phenotypes that correspond with field-based measures 
(Heffner et al., 2009; Dinglasan et al., 2016; Riaz et al., 2016; Voss-Fels et al., 2018b). While 
these reported methods focus on a single trait, there is an opportunity to integrate phenotyping 
and selection for above- and below-ground traits in the same plant generation grown under 
speed breeding conditions.  
In this study, we designed and applied a novel method for phenotyping CR tolerance and root 
architecture traits in parallel, along with LR and PH which were also important for the pre-
breeding program. The method was adapted to speed breeding for characterising fixed lines 
out-of-season and to provide selection pressure during early generations of durum wheat. To 
test the effectiveness of early generation selection, we applied selection to a large F2 population 
for multiple traits in order to evaluate the shift in phenotypic response and discuss the 
opportunity to accelerate pyramiding of multiple target traits in durum breeding populations. 
 
3.3 Methods 
3.3.1 Plant materials 
A bi-parental population was generated to combine multiple desired traits. Parents consisted of 
an elite ICARDA durum line, Outrob4 (Ouassel–1/4/GdoVZ512/Cit//Ruff/Fg/3/Pin/Gre// 
Trob) and the Australian cultivar Caparoi (LY 2.6.3/930054). The ICARDA line was selected 
for its desirable tolerance to severe drought conditions, as well as its lack of yield losses when 
grown under severe CR infection with a response of moderately resistant to moderately 
susceptible (MRMS) in Latakia, Syria. Caparoi is a high-quality durum cultivar that is very 
susceptible to CR and displays a moderately resistant and resistant (MRR) response to LR. The 
two parental lines and two of the following standards, depending on the traits to be measured, 
were included in 12 replicates in all experiments using a randomised complete block design 
(RCBD). Standards included spring bread wheat: Mace (wide root angle), Scout (narrow root 
angle), Thatcher (susceptible to LR), Thatcher+Lr34 (adult plant resistance to LR), Sunguard 
(moderately resistant to CR) and durum wheat Yawa (very high yielding, susceptible to CR). 
Details for all standards and parental lines are provided in Table 3.1. 
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3.3.2 Crossing, population development and selection  
An overview of the population development and multi-trait screening applied in this study is 
illustrated in Figure 3.1. Outrob4 and Caparoi were grown in the speed breeding system to 
rapidly bring them to the flowering stage for crossing. Outrob4 was used as the female and 
Caparoi as the pollen donor. Approximately nine weeks after sowing, the F1 seed from 
physiologically mature spikes were harvested and placed in an air-forced dehydrator at 35°C 
for 5 days, and subsequently threshed by hand. 1,000 of the resulting F2 seeds were sown and 
phenotyped as indicated below in Figure 3.1. Selection was applied using a weighted selection 
index (SI) incorporating all phenotypic data. The 100 best performing individuals were 
‘selected’ along with 100 random individuals, which represented the ‘unselected’ population. 
To investigate the response to selection, the selected and unselected sets were phenotyped 
following the same procedure using an RCBD design with five individuals representing each 
F3 family (total 1,000 plants) and 12 replicates per standard. 
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Figure 3.1 The breeding strategy for applying selection in early segregating generations to 
reach superior inbreds in a period of 11 months. The figure highlights the crossing parents and 
further generations where a weighted SI was used. The blue colour indicates generations where 
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the phenotyping procedure was conducted. The green coloured generations indicate the 
generations subject to growth under speed breeding for the entire cycle without selection. 
 
3.3.3 Integrated phenotyping procedure for above and below ground traits under 
controlled conditions for F2 and F3 
The F2 and F3 generations were subject to selection for CR, SRA, SRN, LR and PH by adapting 
the ‘clear pot’ method reported by Richard et al. (2015; Figure 3.2A). The phenotyping method 
described below was performed under speed breeding conditions where each generation was 
completed within 77 days from sowing to harvest. The initial plan was to screen for CR, SRA 
and SRN however, LR was screened due to the importance of this foliar disease and because 
the population was segregating for LR also PH was included due to the importance of this traits 
for breeding purposes. 
3.3.3.1 Sowing and root phenotyping 
Clear (transparent) pots (ANOVApot®, 200 mm diameter, 190 mm height) were filled with 
composted fine pine bark (70%) particles (0–5 mm) pre-mixed with coco peat (30%) to 
increase water holding capacity of the medium. To reduce the acidity of the medium for 
growing durum wheat, dolomite was added at a rate of 1 kg per 1 m3 of soil providing a pH of 
6.5. The F2 seeds were sown according to the clear pot method (Richard et al., 2015), using the 
RCBD design where 24 seeds were sown in each 4 L pot, which enables evaluation of up to 
600 plants/m2 of glasshouse space (Figuar 2A). Seeds were sown using tweezers to carefully 
position the embryo down and facing the wall of the pot to allow good visibility of the seminal 
roots following germination. Plants were grown in the glasshouse under diurnal natural light 
conditions adopting a constant temperature (17±2°C) as recommended (Richard et al., 2015). 
Images were captured at two time points: five days (seminal roots 3-5 cm in length) for RA 
and ten days after sowing (DAS) for RN, using a Canon PowerShot SX600 HS 16MP Ultra–
Zoom Digital camera. The first set of images were analysed for SRA (Figure 3.2B), where the 
angle between the first pair of seminal roots emerging from the seed was measured using 
ImageJ (http://imagej.nih.gov/ij/). Images captured to determine the number of seminal roots 
were used to score visible roots through the transparent wall. Following the final image capture 
at 10 days after sowing (DAS), growth conditions were changed to a ‘speed breeding’ regime 
using constant light and controlled temperature of 22/17°C (day/night) to accelerate plant 
development. Under such conditions, plants obtain the adult growth stage (i.e. stem elongation) 
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within about three weeks. At this time, approximately 5 g of slow release Osmocote® fertiliser 
was added to each pot to provide adequate nutrients to sustain healthy plant growth.  
3.3.3.2 Phenotyping leaf rust response 
At 35 DAS, plants were inoculated with LR spores. By this time most plants had reached the 
stem elongation growth stage (Zadoks GS 39), which is essential to attain infection types that 
resemble adult plants in the field (Hickey et al., 2011; Riaz et al., 2016). The Puccinia triticina 
(Pt) pathotype 104–1,2,3,(6),(7),11,13 was used for population screening. This Pt isolate was 
first reported in South Australia in 2000 (Park et al., 2002) and is virulent for Lr1, Lr3a, Lr14a, 
Lr16, Lr17a, Lr20, Lr24 and Lr27 resistance genes. This Pt isolate was used due to the absence 
of durum specific Pt pathotypes in Australia and since LR disease on durum wheat crops in 
Australia is caused by bread wheat pathotypes (Singh et al., 2010a). 
Pt urediniospores were suspended in light mineral oil (Isopar 6) at a rate of 0.005 g mL-1. The 
inoculum was applied using the airbrush method (Figure2C), as reported by Riaz et al. (2016). 
Plants were then lightly misted with deionized water and placed overnight in a dew chamber 
with 100% humidity using an ultrasonic fogger. Post–inoculation, plants were grown under 
diurnal and controlled temperatures of 17/22°C (night/day). These conditions favour pathogen 
development and provide significant differentiation between resistant and susceptible 
genotypes. Each plant was evaluated 49 DAS (i.e 14 days after infection) for resistance using 
a 0–9 scale, where 0 is resistant and 9 is very susceptible (McNeal et al., 1971). 
3.3.3.3 Phenotyping for crown rot response  
At 38 DAS, three days after LR inoculation, plants were inoculated with F. 
pseudograminearum. The isolate of F. pseudograminearum used in this experiment was 
derived from CR infected wheat plants collected from a farmer’s field located at Brookstead 
(Queensland, Australia), thus named “BE”. This isolate was tested with eight other isolates 
collected from different wheat fields located in the eastern wheat-belt of Australia (Queensland 
and New South Wales) and BE was selected as the most aggressive isolate causing symptoms 
on durum wheat and barley cultivars (Table 3.1). Prior to inoculation, the isolate was cultured 
on 20% V8 medium comprising 200 mL of V8 juice, 2 g of CaCO3 and 20 g of agar, which 
was mixed in 800 mL of distilled water and pH adjusted to 7.2 (Miller, 1955). The mixture was 
then autoclaved for 30 minutes at 121°C. The medium was poured into petri dishes and left to 
solidify. The BE isolate was cultured on petri dishes and left at room temperature (20–25°C) 
for 2 weeks to generate sufficient mycelial growth and conidial spores for inoculation. For each 
   
90 
 
screening experiment, a pure source of the isolate was used to avoid changes in pathogenicity 
of the isolate, which can occur as a result of repeated media culturing without a host. 
 
 
Figure 3.2 Visual summary of each completed generation from sowing to harvest stage using 
the novel phenotyping procedure: (A) seeds sown in the clear–pot, (B) seminal root image 
analysis, (C) plants inoculated with leaf rust using airbrush method, (D) plants inoculated with 
Fusarium crown rot, (E) plant height measured using a barcode reader, and (F) whole–pot view 
at the time of crown rot assessment during the grain filling stage. 
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Table 3.1 Mean aggressiveness scores for Fusarium pseudograminearum isolates collected 
from farmer fields throughout the northern grain-growing region of Australia. Isolates were 
evaluated on a susceptible durum wheat cultivar (Jandaroi) and a susceptible barley cultivar 
(Egypt70) using the 0–9 scale, where 0 indicates host resistance and 9 indicates host 
susceptibility. 
Isolate ID 
Mean aggressiveness 
Triticum durum 
(Jandaroi) 
Mean aggressiveness 
Hordeum vulgare 
(Egypt70) 
Overall mean 
aggressiveness 
Isol_1 5.6 6.2 5.9 
Isol_2 5.0 5.7 5.3 
Isol_3 5.5 4.6 5.1 
Isol_4 6.1 5.9 6.0 
Isol_4E 4.7 4.6 4.7 
Isol_5E 4.6 5.0 4.8 
Isol_6E 5.5 5.9 5.7 
Isol_BE 7.1 5.4 6.2 
Isol_CSIRO 5.1 3.6 4.4 
Isol_Mixed 4.4 4.5 4.5 
 
To reduce variation in the timing of infection among plants, a piece of cultured Fp (1 cm2) was 
placed at the base of the stem of each plant using tweezers (Figure2D). The soil surface was 
then covered with ground sterilised millet. Moisture at the surface was maintained by lightly 
spraying demineralised water three times per day for the first week to encourage mycelium 
growth and infection. Within five days, the surface of the pot was covered with white to pink 
coloured mycelium, which facilitated consistent infection at the base of the stem. Twenty-five 
days post-inoculation (63 DAS), disease severity for each plant was assessed visually by 
scoring the level of discoloration of the base of the stem using a 0–9 scale, where 0 is resistant 
and 9 is very susceptible. 
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3.3.3.4 Plant height 
A bluetooth barcode reader (Laser Bar Code Scanner) was used to measure height for each 
plant at maturity, nine weeks after sowing (Figure 3.2E). Barcode readings were at 1 cm 
intervals and the records were connected to a tablet allowing for instant data collection. 
3.3.4 Data analyses 
The phenotypic value for each trait (CR, RA, RN, LR and PH) for each F2 plant was used to 
generate population distributions using GraphPad Prism 6 (Graphpad Software Inc). The mean 
for standards and parental lines were calculated for the F2 and F3 screens. The confidence 
interval (95%) was calculated using MS Excel for the mean of replicated parental lines included 
in the F2 screen. 
F2 individuals were deemed to display transgressive segregation if phenotype scores could be 
identified outside the confidence interval of parental lines. A SI incorporating information for 
all traits was calculated according to Crosbie et al. (1980) where the preferred traits included: 
narrow RA, high RN, tolerance to CR, resistance to LR and short PH. The following weights 
were applied based on the importance of each trait (Wehner, 1982) in The University of 
Queensland durum wheat pre-breeding program: 35% for crown rot, 30% for seminal root 
angle, 15% for LR, 10% for seminal root number, 10% for PH. As the highest priority was 
resistance to CR, low weighting was applied to PH because resistance is typically correlated 
with a reduction in PH in wheat and barley (Zuber et al., 2003; Ma et al., 2010; Yang et al., 
2010; Liu et al., 2012; Zheng et al., 2014; Liu and Ogbonnaya, 2015). However, the infection 
retards plant growth and further complicates the selection for this trait. The SI was used to rank 
the 817 F2 individuals which had data for all traits. Individuals with a minimum of one ‘NA’ 
value were excluded from selection. The top 100 performing F2 individuals were considered 
the ‘selected’ set.  
Best linear unbiased predictors (BLUPs) were calculated for each F3 family in the selected and 
unselected sets, plus parents and standards. BLUPs were calculated by fitting a linear random 
model in ASReml-R (Butler et al., 2009), where genotype, replicate and pot were fitted as 
random terms in the model. The broad-sense heritability was calculated using the predicted 
variance components which were calculated using residual maximum likelihood, as described 
by Cullis et al. (2006). In the F2 and F3 experiments, the broad-sense heritability was calculated 
using repeated measures for inbred lines (i.e. parental lines and standards).  
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BLUPs were used for comparison to perform selection on the basis of genetic merit of each 
individual using the phenotypic response. Analysis of variance was performed for the F3 
families to determine whether the selected set was significantly different in comparison to the 
unselected set. Analyses were performed using ASReml–R package (Butler et al., 2009) in R 
software Version 3.2.1 (R Core team 2015). Selection was repeated for the F3 selected set using 
the same SI and weightings detailed above. The top 10% of best performers in the population 
were retained and rapidly advanced via single seed descent in the speed breeding system to 
develop inbred lines.  
 
3.4 Results 
3.4.1 Phenotypes displayed by standards 
Using this novel phenotyping technique we screened for above- and below-ground traits 
including tolerance to CR, adaptive root traits such as SRA and SRN as well as resistance to 
LR (Figure. 2F). The standards performed as expected even though the absolute values for each 
trait varied across the F2 and F3 experiments. For example, the bread wheat standards for CR 
displayed very consistent phenotypes across the two experiments (Table 3.2). As expected, the 
incidence of CR was lower in Sunguard (3.8), which is considered moderately resistant (MR). 
In the field, the cultivar Sunguard is rated moderately resistant moderately susceptible (MRMS) 
to CR (GRDC-NVT 2016). On the other hand, Yawa (an Australian durum wheat) was used as 
a susceptible standard for CR and displayed a mean score of 6.3 and 6.2 across both 
experiments.  
The standard for wide SRA (Mace) consistently displayed a wider mean SRA than the narrow 
standard (Scout) in the F2 (79.6° versus 31.9°) and F3 (67° versus 45.3°) screening experiments 
(Table 3.2). Mace, a bread wheat cultivar grown across Australia, displayed not only the widest 
SRA, but also the highest SRN in the F2 experiment (4.6), but was lower in the F3 experiment 
(3.1). On the other hand, Scout displayed a lower SRN in both the F2 (3.2) and F3 (2.7) 
screening experiments.  
Thatcher was included as a very susceptible (VS) standard for LR, and as expected, allowing 
the pathogen to freely produce large pustules and spore masses (Figure 3.3). Thatcher attained 
susceptible means of 8.6 and 9.0 in F2 and F3 experiments, respectively. In contrast, the 
standard for APR to LR (Thatcher+Lr34), showed a moderate level of resistance with a mean 
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score of 5.5 in the F2 experiment and a lower level of resistance in the F3 experiment 6.9. The 
standards for PH were Mace for short height (46, 54.1 cm) and Thatcher for the tall types (62.9, 
77.9 cm) in the F2 and F3 experiments, respectively. 
 
Figure 3.3 Leaf rust response exhibited on the flag leaf twelve days after infection for parental 
genotypes (Outrob4 and Caparoi) and the susceptible standard (Thatcher and Thatcher+Lr34). 
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Table 3.2 Trait means response and standard error of parents and standards used in the multi-trait screening of F2 and F3 experiments.  
Trait Genotype Pedigree 
Standard/Paren
ts 
F2 F3 
Mea
n 
SE Mean SE 
 
 
Crown rot 
Sunguard Sun289e/Sr2janz Resistant 3.8 0.4 3.8 0.6 
Yawa 
Westonia/Kalka//Kalka/Tamaroi///Rac875/Kalka//
Tamaroi 
Susceptible 6.3 0.4 6.2 0.6 
Outrob4 
Ouassel-1/4/Gdovz 
512/Cit//Ruff/Fg/3/Pin/Gre//Trob = Fadda98 = 
Outrob4 
Parent 1 4.3 0.3 4.7 0.6 
Caparoi LY 2.6.3/930054 Parent 2 7.5 0.4 6.8 0.6 
 
 
Seminal root 
angle 
Mace Wyalkatchem/Stylet//Wyalkatchem Wide 79.6 4.3 67 6.3 
Scout Sunstate/Qh71-6//Yitpi Narrow 31.9 5.1 45.3 7.1 
Outrob4 
Ouassel-1/4/Gdovz 
512/Cit//Ruff/Fg/3/Pin/Gre//Trob, syn.Fadda98 
Parent 1 50.1 2.1 32.4 6.2 
Caparoi LY 2.6.3/930054 Parent 2 77.3 6.6 55.1 6.3 
 
 
Mace Wyalkatchem/Stylet//Wyalkatchem High 4.6 0.2 3.1 0.3 
Scout Sunstate/Qh71-6//Yitpi Low 3.2 0.5 2.7 0.3 
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Seminal root 
number Outrob4 
Ouassel-1/4/Gdovz 
512/Cit//Ruff/Fg/3/Pin/Gre//Trob = Fadda98 = 
Outrob4 
Parent 1 4.3 0.4 4.7 0.3 
Caparoi LY 2.6.3/930054 Parent 2 3.7 0.3 3.5 0.3 
 
 
Leaf rust 
Thatcher+L
r34 
Thatcher*6/PI-58548 Resistant 5.5 0.3 6.9 0.6 
Thatcher Marquis/Iumillo durum//Marquis/Kanred Susceptible 8.6 0.3 9 0.6 
Outrob4 
Ouassel-1/4/Gdovz 
512/Cit//Ruff/Fg/3/Pin/Gre//Trob = Fadda98 = 
Outrob4 
Parent 1 5.4 0.5 6.4 0.6 
Caparoi LY 2.6.3/930054 Parent 2 3.1 0.2 2 0.7 
 
 
Plant height 
Mace Wyalkatchem/Stylet//Wyalkatchem Short 46 2.2 54.1 3.7 
Thatcher Marquis/Iumillo durum//Marquis/Kanred Tall 62.9 3.5 77.9 3.7 
Outrob4 
Ouassel-1/4/Gdovz 
512/Cit//Ruff/Fg/3/Pin/Gre//Trob = Fadda98 = 
Outrob4 
Parent 1 56.2 3.9 61.0 3.7 
Caparoi LY 2.6.3/930054 Parent 2 49.0 2.0 50.2 4.1 
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3.4.2 F2 screening and population distributions 
3.4.2.1 Crown rot response 
A total of 912 F2 individuals were evaluated for CR during the grain filling stage. Caparoi displayed 
the most susceptible score amongst the set of parents and standards with an average of 7.5 (Table 
3.2). In contrast, Outrob4 displayed a lower CR mean score of 4.3, which is equivalent to a MRMS 
response. Confidence intervals (95%) were calculated for CR scores obtained by Outrob4 (3.8–4.6) 
and Caparoi (6.7–8.2). Based on these limits, the F2 population demonstrated bi-directional 
transgressive segregation: 108 individuals (11.8%) displayed higher levels of tolerance, whereas 94 
individuals (10.3%) displayed increased susceptibility to CR (Figure 3.4C). 
3.4.2.2 Seminal root angle  
Measures for RA were successfully obtained for 882 F2 individuals, as determined by the angle 
between the first pair of seminal roots. RA could not be measured for the remaining 118 seedlings 
because one or both roots were not visible. The number of missing values was within the expected 
range for this method (Richard et al., 2015). Outrob4 displayed a narrower RA (50.1°) compared to 
Caparoi (77.3°). The F2 progeny displayed a high degree of variation for RA phenotypes, ranging 
from 12° to 120° degrees (Figure 3.4A). To determine the extent of transgressive segregation, the 
upper and lower limits of the 95% confidence interval were calculated for both parental lines: Outrob4 
ranging 45.1° to 54.9° and Caparoi ranging 67.3° to 87.2° (Table 3.3). Interestingly, the F2 population 
exhibited bi-directional transgressive segregation, where seemingly different sets of genes 
influencing RA were contributed by both parents. For instance, 38.3% of F2 individuals displayed a 
narrower RA and 3.9% displayed a wider RA when compared to the maximum confidence interval 
(95%) attained by the parental lines.  
3.4.2.3 Seminal root number  
Measures for RN were obtained for 927 F2 individuals. For the remaining 73, RN could not be 
determined because roots were not visible and in some cases the seed failed to germinate. Images 
captured ten days after sowing were used to determine the number of seminal roots. Outrob4 
displayed the highest mean RN (4.3) in comparison to Caparoi (3.7). The number of seminal roots 
per plant varied from one to seven roots (Figure 3.4B). Similar to RA, the F2 population demonstrated 
bi-directional transgressive segregation. Individuals deemed to exhibit transgressive segregation were 
those that displayed phenotypes outside the lower and upper bound (95% confidence interval) of the 
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two respective parental lines (Outrob4 3.4–5.3, Caparoi 3.1–4.2). The number of individuals that 
showed higher RN than both parents was 45, representing 4.9% of the population.  
3.4.2.4 Leaf rust response 
A total of 908 F2 individuals were successfully phenotyped for LR resistance at the adult plant stage. 
The level of disease intensity and infection was measured on the flag leaf during the early stages of 
grain fill. A scale of (0–9) was used, where 0 is resistant and 9 is very susceptible. Caparoi displayed 
MRR response to LR and Outrob4 demonstrated MRMS, as a result, segregation was evident in the 
F2 population (Figure 3.4D). Outrob4 obtained a mean score of 5.4 (MRMS), whereas Caparoi 
displayed a higher level of resistance with a mean of 3.1 (MR). The 95% confidence intervals were 
calculated for both Outrob4 (5.0–5.8) and Caparoi (2.5–3.7). Falling outside this range, F2 individuals 
were deemed to display transgressive segregation, including 85 that displayed higher levels of 
resistance, representing 9.4% of the population (Figure 3.4D). 
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Figure 3.4 Frequency distribution for the F2 segregating population for seminal root angle (A), crown 
rot (B), seminal root number (C) and leaf rust (D). Calculations of parental line mean and confidence 
intervals (95%) are displayed for each trait to highlight the individuals with higher or lower values in 
comparison to the parents (bi-directional transgressive segregation). 
3.4.2.5 Plant height  
The total number of F2 individuals evaluated for PH was 916. PH scores ranged from 24 to 94 cm. 
Outrob4 was slightly taller (56.2 cm) than Caparoi (49.0 cm). As with all other traits, the F2 population 
demonstrated bi-directional transgressive segregation. The number of individuals significantly 
shorter than both parents was 187, representing 20.4% of the population while 17.3% of the 
population displayed taller phenotypes than their parents. 
Table 3.3 Total number of phenotyped individuals for each trait (seminal root angle, seminal root 
number, crown rot, leaf rust and plant height) in the F2 bi-parental segregating population. Lower and 
upper values of interval confidence (95%) for each parent were calculated for each trait. Percentage 
of positive and negative transgressive segregation is displayed for each trait. 
F2 generation 
Crown rot 
Severity 0-
9 
Seminal root 
angle 
⁰ 
Seminal root 
number 
# 
Leaf rust 
Severity 
0-9 
Plant 
height 
Cm 
Total number screened 912 882 927 908 916 
Outrob4 confidence 
interval 
3.8–4.6 45.1–54.9° 3.4–5.3 5.0–5.7 
52.36–
60.04 
Caparoi confidence 
interval 
6.7–8.2 67.3–87.2 3.1–4.2 2.5–3.7 
44.9–
53.4 
Positive transgressive 
segregants (%) 
11.8 38.3 4.9 9.3 20.4 
Negative transgressive 
segregants (%) 
10.3 3.9 51.8 32.3 17.2 
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3.4.3 Implementing phenotypic selection methodology 
Selection of the top 10% of F2 individuals using the SI resulted in a mean SI of 6.4 for the ‘selected’ 
set. Random pick of 100 F2 individuals resulted in a SI mean of 4.78 (Figure 3.5). The distribution of 
SI in this ‘unselected’ set overlapped with the distribution of the entire F2 population, thus was 
considered representative of a truly random population (Figure 3.5). The means were also similar: 
4.8 for the entire F2 population compared to 4.7 for the ‘unselected’ subset of 100 F2 individuals. 
 
Figure 3.5 Density distribution of the weighted selection index values for selected, unselected and 
the entire F2 generation (F2). Selection index values are representative of the sum of all traits 
simultaneously (RN, RA, LR, CR and PH). 
3.4.4 Screening of ‘selected’ and ‘unselected’ F3 individuals 
A total of 1,000 F3 plants, plus parents and standards, were evaluated using the multi-trait 
phenotyping procedure. BLUPs were calculated for all traits (CR, SRA, SRN, LR and PH) for each 
of the 100 F3 ‘selected’ families and the 100 F3 ‘unselected’ (random) families. To highlight the shift 
in the phenotypes for each trait, the distribution of selected and unselected families are illustrated as 
density distribution graphs (Figure 3.6A-E).  
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Selection for positive CR response in the F2 generation resulted in a highly significant shift toward 
lower disease severity in the F3 selected set (Figure 3.6C). Overall, the CR score significantly 
improved to an MR level (mean score = 3.8) compared to the unselected which displayed an MRMS 
level (mean score = 5.3) (p-value < 0.001). Outrob4 appeared to contribute the most resistance, 
displaying an MRMS level of infection (4.7), whereas Caparoi displayed an MSS level (6.8). As 
expected, the bread wheat standard Sunguard, displayed the lowest levels of infection (mean score = 
3.8). 
The selected set of F3 families displayed a significantly narrower mean SRA (34.5°) in comparison 
to the unselected set (38.4°), representing a significant shift of -3.9o (p-value < 0.05). In the F3 
screening experiment, Outrob4 displayed a very narrow SRA (32.4°) in comparison to Caparoi 
(55.1°). A highly significant shift was also observed for RN, where the mean SRN for the selected 
set was 3.9 compared to 3.7 for the unselected set (p-value < 0.01), representing a mean increase of 
0.2 roots per plant (Figure 3.6B). SRN ranged from 2 to7 for the entire population. Outrob4 displayed 
a higher SRN mean (4.7) in comparison to Caparoi (3.5) in the F3 screening experiment.  
Selection for response to LR in the F2 generation resulted in a significant shift toward increased 
resistance in the F3 selected set (Figure 3.6D). Overall, the mean LR response improved from 3.9 to 
3.6. In the F3 screening experiment, Caparoi displayed a high level of resistance (2.0) in comparison 
to Outrob4 (6.4) (Figure 3.6D). No significant difference between selected and unselected sets was 
detected for PH (Figure 3.6E). Despite this, Outrob4 displayed a taller phenotype (61.0cm) in 
comparison to Caparori (50.2cm) in the F3 screening experiment. 
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Figure 3.6 Density distribution and comparison of population means for selected and unselected F3 
population sets for the following traits: (A) root angle, (B) root number, (C) crown rot, (D) leaf rust, 
and (E) plant height. Each set includes 100 F3 families. 
3.4.5 Trait heritability using the phenotyping procedure for above and below ground traits 
The broad-sense heritability of the novel phenotyping procedure was calculated for F2 and F3 
experiments. Heritability for the F2 experiment was calculated using the replicated parents and 
standards (RILs), as the F2 individuals each represent a unique genotype. In the F2 screening 
experiment, the heritability for all traits was high (CR = 0.78, SRA = 0.75, SRN = 0.81, LR = 0.79 
and PH = 0.57). In the F3 experiment, using the same technique, the heritability for all traits was also 
high (CR = 0.85, SRA = 0.62, SRN = 0.69, LR = 0.79 and PH = 0.82) (Table 3.4).  
Table 3.4 Broad sense heritability calculated for each trait in the F2 and F3 experiments using inbred 
lines (parents and standards).  
Trait F2 experiment F3 experiment 
Crown rot 0.78 0.85 
Seminal root angle 0.75 0.62 
Seminal root number 0.81 0.69 
Leaf rust 0.79 0.91 
Plant height 0.57 0.82 
 
3.5 Discussion 
Plant breeders are interested in screening a large array of traits in early generations of population 
development. This enables breeding programs to save time and reduce costs associated with labour 
and field testing. Improving the existing phenotyping methods and developing novel methods for 
phenotyping traits are essential for genetic studies and plant breeding. Traits that are highly variable 
not only in the field but also under controlled conditions require the development of high-throughput, 
rapid, cost-effective and repeatable methods. To meet this need, we developed a screening method to 
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combine multiple traits including CR, root system architecture, LR, and PH on the same plant 
generation, coupled with the rapid generation advancement system ‘speed breeding’. 
3.5.1 Rapid phenotyping fixed lines for crown rot, root traits, leaf rust and plant height  
The method developed in this study achieved high heritability when screening fixed inbred lines. 
Heritability ranged from 0.57 to 0.91 across experiments for all five studied traits (Table 3.4). Overall, 
the heritability of each trait was relatively high and similar to those reported in previous studies (Poole 
et al., 2012; Richard et al., 2015; Figlan et al., 2017). Furthermore, and most importantly, standards 
included in the experiments displayed similar phenotypic responses under speed breeding conditions 
to those displayed in the field. For example, Thatcher was used as a susceptible standard for LR and 
displayed a VS phenotype in both experiments. This result was consistent with those obtained from 
two previously conducted glasshouse experiments and field trials (Kloppers and Pretorius, 1997; Riaz 
et al., 2016). Standards for root system architecture included in this study were Mace and Scout. Mace 
is a widely adopted cultivar and grown on broad acreage around Australia. In particular, this variety 
is preferred by farmers due to its higher yield potential in marginal environments with sporadic 
rainfall throughout the growing season. Scout, by comparison, is adapted to the southern regions of 
Australia with deep soils and known for the TE gene for water use efficiency and improved drought 
adaptation by CSIRO in 2009 (Wilson et al., 2015). Seemingly, a narrower and deeper root system 
would be advantageous in such field environments, while a wider root angle could be more preferred 
in shallow, sandy soils (for example, in parts of Western Australia). 
The results from standards for SRA were also aligned with the study conducted by Manschadi et al. 
(2008)  and revealed that wheat lines grown in deep soils tended to have a narrower seminal root 
angle and a lower number of seminal roots when compared to wheat lines grown in shallow soils. 
This highlights the fact that SRA standards used in both experiments displayed the expected 
phenotype when screened under glasshouse conditions. 
The phenotypes displayed by standards in our experiments confirmed the effectiveness of this robust 
technique for applying selection to RILs and segregating populations. The phenotyping method was 
designed by integrating two previously reported methods (Richard et al., 2015; Riaz et al., 2016). In 
the first method, lines were screened for APR to LR adapted to speed breeding and phenotypes were 
highly correlated to field-based measurements. In the second method, SRA and SRN were assayed 
using a transparent pot system (Richard et al., 2015; Riaz et al., 2016). This study is novel because it 
   
105 
 
integrated screening of these previously reported traits, and most importantly CR response, while 
maintaining high heritability for all traits in a single plant generation. Since the 1980s, scientists have 
been striving to develop CR screening assays that minimise variation and the time required for 
infection to occur (Purss, 1966; Klein et al., 1985; Dodman and Wildermuth, 1987; Wildermuth and 
McNamara, 1994; Wildermuth et al., 2001; Li et al., 2008; Yang et al., 2010). We achieved this by 
positioning a piece of agar colonised by Fp directly next to the stem of each plant during the tillering 
stage. This also enhanced the repeatability in F2 and F3 assays (broad sense heritability ranged 0.78 
to 0.85) and guaranteed infection to take place within 4–5 days. In addition, growing plants under 
controlled conditions in the speed breeding system not only progressed generations rapidly, but also 
enabled control of growth conditions to facilitate pathogen development and healthy plant growth. 
This helps to minimise the variation that can occur in field conditions with a high degree of G × E 
interaction and high marginal errors when screening individual plants, in the case of F2 and F3 
segregating populations. Nevertheless, it is important to validate levels of resistance to CR and LR in 
the field, as these traits are known for their interaction with environmental conditions and most 
importantly temperature. For example, the APR gene Lr34 was expressed best under temperatures 
7°C° at seedling stage and less expressed at 17°C and above (Drijepondt et al., 1991; Singh and 
Gupta, 1992). Temperature control has previously enabled scientists to differentiate between 
Thatcher and Thatcher+Lr34 at the seedling stage under controlled conditions (Singh and Gupta, 
1992). In addition, infection during the adult growth stage in the field is highly variable and 
environmentally dependent (Riaz et al., 2016). The APR gene Lr34 usually displays a higher level of 
resistance in the field in comparison to glasshouse conditions (Kloppers and Pretorius, 1997). 
Moreover, variability of CR infection in the field is due to several factors including temperature, soil 
surface moisture, stubble residue and inoculum level from the previous year (Simpfendorfer et al., 
2004; Liu and Ogbonnaya, 2015). 
3.5.2 Selection for above and below ground traits in early segregating generations of durum 
wheat 
Applying selection to F2 and F3 progenies using the integrated method enabled a shift in phenotypic 
responses for target traits including CR, SRA, SRN and LR. The differences that could be observed 
in the phenotypic responses of the parents resulted in the expression of transgressive segregation in 
their progenies. This is likely due to the existence of several positive alleles in the parents, which 
combined via additive or dominant expression into superior progenies. For example, SRA for Caparoi 
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and Outrob4 in the F2 experiment were 77.3° and 50.1° respectively, while the SRA for progenies 
ranged between 12–120°, thus highlighting individuals with narrower or wider SRA in comparison 
to their parents. This transgressive segregation offered an opportunity to apply selection to the 
individuals with desired combinations of alleles. Selection in the F3 focused on retaining individuals 
with tolerance to CR, narrower SRA, higher SRN, resistance to LR and shorter PH. That was possible 
through the use of a weighted SI, with all traits summarised in one single value and the best 
performers were selected. When the selected set was compared to the unselected set, a significant 
shift for the mean was noted for all traits (Figure 3.5), with the exception of PH. The lack of shift for 
PH was not entirely unexpected because only low weighting was applied (i.e. 10%) compared to the 
highest priority traits CR (35%) and RA (30%). Greater gain for the target traits could be achieved 
by performing multiple cycles of selection. 
Selection in early generations is usually effective when applied to populations derived from parents 
that were phenotypically distinct. Applying selection to early generations of segregating populations 
is advantageous as it allows enriching the population with desirable alleles (Hickey et al., 2011; 
Hickey et al., 2012; Richard et al., 2018). The individuals with undesired combinations of genes are 
excluded and therefore the cost of field evaluation can be reduced. Despite the variation observed in 
the F2 generation, phenotyping for multiple traits has proven to be an effective tool for excluding 
unwanted material. Breeding programs routinely apply early generation selection on F2 and F3 
populations using MAS and require robust screening assays to phenotype large numbers of 
individuals efficiently at less cost. Selection in early generations increases the allele frequency of 
desired traits and therefore the overall efficiency of the breeding program. The selected material in 
early generations may undertake several testing pipelines before becoming elite material. It is then 
possible to test elite material in replicated and multi-environmental trials across years which will have 
more likelihood of success (Cakir et al., 2008).  
3.5.3 Integrating with other breeding tools  
MAS is a useful tool to impose additional selection for useful alleles at any stage of the breeding 
cycle. However, while the cost of genotyping has severely dropped in recent years. The use of MAS 
is subject to marker availability, which remains one of the biggest challenges. In particular, markers 
for CR resistance are limited, and all are derived from large QTLs, which lack the resolution to be 
truly effective(Liu and Ogbonnaya, 2015). The greenhouse screening method described here is a 
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flexible and deployable system alone, or integrated with MAS if markers are available. The system 
has the advantage that selection based on phenotype allows identification of individual plants that 
carry desirable ‘gene combinations’ for the traits of interest. Another strategy could be to screen 
segregating populations to cull undesirable individuals, which would increase allele frequency of 
desirable traits in the retained material, prior to conducting MAS. This increases the probability of 
detecting individuals with all targeted traits using MAS in later generations, making it more cost 
effective. 
The method described in this study has been adapted to speed breeding to enable selection for above- 
and below-ground traits in parallel with rapid line development. Speed breeding has reduced the time 
required to generate RILs with a high degree of homozygosity – only 12 months is required to reach 
the F6 generation. This approach could be combined with GS to identify lines with the highest 
breeding values, thereby further reducing the length of the breeding cycle and increasing genetic gain, 
and with MAS to follow up major targeted traits that cannot be screened for in the contained space 
of a glasshouse such as rheological quality, major resistance genes, or simply phenological 
characteristics. 
 
3.6 Conclusion 
Breeding programs often screen for multiple traits to enhance genetic gain for economically important 
traits such as CR, rusts and root traits. However, due the challenges associated with phenotyping in 
the field and depending on their resources, programs will often lack robust, rapid, high-throughput 
and repeatable screening methods for screening complex traits. In this study, we report a novel 
phenotyping method for selecting above- and below-ground traits, including: CR, root system 
architecture, LR, and PH. While rapid LR and root system architecture phenotyping protocols were 
previously reported (Richard et al., 2015; Riaz et al., 2016), these techniques were used to characterise 
fixed lines for a single trait. In contrast, reported here are the separate analyses of these traits 
integrated with a CR phenotyping procedure, to generate a powerful phenotyping tool for above and 
below ground trait selection. Using this method, we applied selection in early generations to enrich 
the resulting population with desirable allelic combinations for above- and below-ground traits 
simultaneously. The consistent phenotypes displayed by standards in the phenotyping experiments 
confirmed the effectiveness of this technique in applying selection to segregating populations and 
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shifting the population mean for all target traits. PH was the only trait that did not experience a 
significant shift, as phenotypes were likely impacted by CR infection. This technique is compatible 
with speed breeding, making it possible to conduct up to four consecutive screens annually, compared 
to a single screen in the field. 
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Chapter 4. A major root architecture QTL affects response to water-limitation in durum 
wheat 
 
CHAPTER 4 
 
A major root architecture QTL affects response to water-limitation in 
durum wheat 
  
4.1 Abstract 
The optimal root system architecture (RSA) of a crop is context dependent and critical for efficient 
resource capture in the soil. Narrow root growth angle (RGA) promoting deeper root growth is often 
associated with improved access to water and nutrients in deep soils during terminal drought. 
Therefore, modifying RSA to improve drought-adaptation could minimise yield losses in regions with 
limited rainfall. Here, GWAS for seminal root angle (SRA) identified seven marker-trait associations 
clustered on chromosome 6A showing strong pairwise LD (r2 > 0.67), representing a major 
quantitative trait locus (qSRA-6A). Subsequent haplotype analysis revealed significant differences 
between major genotype groups with contrasting QTL haplotypes. Candidate gene analysis 
highlighted loci related to gravitropism, polar growth and hormonal signaling. No differences were 
observed for root biomass between lines carrying different haplotypes for qSRA-6A, highlighting the 
opportunity to perform marker-assisted selection for the qSRA-6A locus and directly select for wide 
or narrow RSA, without influencing root biomass. Our study revealed that the genetic predisposition 
for deep rooting was best expressed under water-limitation yet the root system displayed plasticity 
producing root growth in response to water availability in upper soil layers. We discuss the potential 
to deploy root architectural traits in cultivars to enhance yield stability in environments that 
experience limited rainfall. 
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4.2 Introduction 
Durum wheat (Triticum durum Desf.) is a major staple crop in the Mediterranean region  (Shewry 
and Hey, 2015) and other semi-arid regions of the world (Araus et al., 2002). The crop is typically 
grown under rain-fed conditions where water scarcity is a major limiting factor for productivity, 
particularly when drought occurs during flowering or grain filling (Loss and Siddique, 1994; Belaid, 
2000; Mohammadi et al., 2011; Bassi and Sanchez-Garcia, 2017). Due to climate change, rainfall 
patterns are predicted to change in most durum production regions worldwide, particularly in the 
Mediterranean region (Christensen et al., 2007; Carvalho et al. 2014). Therefore, breeding durum for 
water-limiting environments is a priority (Cattivelli et al., 2008; Boutraa, 2010).  
Until recently, wheat breeding programs have focused on above ground traits and direct selection for 
yield per se, while the crop’s “hidden-half”, the roots have been largely overlooked. Plant roots are 
important organs in determining grain productivity driven by water uptake and nutrient acquisition 
(Sharma et al., 2009; Ehdaie et al., 2012; Shen et al., 2013; Palta and Yang, 2014). Hence, improving 
root system architecture (RSA) in breeding programs is a promising strategy to increase the resilience 
of durum wheat in drought-prone environments (Sanguineti et al., 2007; Manschadi et al., 2008). 
RSA has been recognized as one of the foundations for crop adaptation under water stress conditions 
(Manschadi et al., 2006; Christopher et al., 2008; Gregory et al., 2009; Asif and Kamran, 2011). Root 
length, density, and root depth are the main components of RSA influencing water extraction in deep 
soils (King et al., 2003; Asif and Kamran, 2011; Carvalho et al., 2014). These adaptive features 
determining the root distribution in the soil profile have been associated with root growth angle 
(Nakamoto et al., 1991; Oyanagi et al., 1993; Oyanagi, 1994; Borrell et al., 2014a). In durum wheat, 
seminal root angle (SRA) is representative of the mature RSA and provides a useful proxy because 
the trait can be easily phenotyped at seedling stage (Tuberosa et al., 2002a; Tuberosa et al., 2002b; 
de Dorlodot et al., 2007; Tuberosa et al., 2007; Fang et al., 2017; El Hassouni et al., 2018). For 
instance, a narrow SRA is associated with a higher proportion of roots at depth at the mature stage in 
wheat (Nakamoto and Oyanagi, 1994; Bengough et al., 2004; Sanguineti et al., 2007; Manschadi et 
al., 2008), similar to findings in other major crops like sorghum and rice (Omori and Mano, 2007; 
Uga et al., 2011; Mace et al., 2012). A narrow SRA can improve access to residual moisture in deep 
soils, particularly under terminal drought conditions (Manschadi et al., 2006; Reynolds et al., 2007; 
Christopher et al., 2008; Acuña and Wade, 2012; Hamada et al., 2012) and can prolong the grain 
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filling period to improve yield (Blum et al., 1983; Lynch, 1995; Kashiwagi et al., 2005). On the other 
hand, wide SRA is was found to be associated with a shallow root system that may be beneficial for 
exploring the superficial soil layers and capturing in-season rainfall. Therefore, identifying the 
optimal RSA in target environments is critical to guide breeding efforts (El Hassouni et al., 2018). 
Minor differences in the distribution of roots in the soil space can lead to major impacts on yield. For 
instance, results from modeling studies suggest that wheat yield would increase by 55 kg.ha-1 for each 
additional millimeter of water extracted from the soil during the critical grain filling stage (Manschadi 
et al., 2006; Kirkegaard et al., 2007; Christopher et al., 2013). Furthermore, a recent study examining 
RSA in durum wheat suggests that genotypes with deep root systems could increase GY up to 35% 
and thousand kernel weight by 9% in environments with limited moisture, compared to genotypes 
with shallow root systems (El Hassouni et al., 2018). The availability of large genetic variability in 
terms of rooting patterns and the high heritability of SRA (Manschadi et al., 2006; Maccaferri et al., 
2016; Alahmad et al., 2018a; El Hassouni et al., 2018) are two key factors suggesting that 
optimization of the roots could potentially deliver high yielding durum cultivars in water-limiting 
environments.  
In comparison to aboveground traits, studying root traits have been a challenge for plant breeders 
(Zhang et al., 2009), largely due to lack of efficient and reliable root phenotyping methods and limited 
knowledge of the genetic control of root development (Tuberosa et al., 2002b; Zhang et al., 2009; 
Richards et al., 2010; Mace et al., 2012; Shen et al., 2013; Carvalho et al., 2014; Wang et al., 2014). 
Recently, a high-throughput, affordable and scalable phenotyping method for screening seminal root 
angle under controlled conditions has been developed, known as the ‘clear pot’ method (Richard et 
al., 2015), and has been successfully applied to durum wheat, barley and bread wheat. The technique 
has facilitated direct phenotypic selection of SRA (Alahmad et al., 2018a; Richard et al., 2018), 
phenotyping cultivars and breeding lines to investigate yield trends (El Hassouni et al., 2018; 
Robinson et al., 2018), and phenotyping of mapping populations required for QTL discovery 
(Robinson et al., 2016). While evaluation of mature RSA in the field is challenging, moderately 
efficient techniques have been developed, such as ‘shovelomics’ (Trachsel et al., 2011), soil coring 
(Wasson et al., 2014) and the ‘pasta strainer’ method (El Hassouni et al., 2018). Despite the 
challenges, some progress has been made to identify some of the genomic regions influencing RSA 
in durum wheat, with several bi-parental and association mapping studies published to date 
(Sanguineti et al., 2007; Cane et al., 2014; Maccaferri et al., 2016). A recent prioritization analysis of 
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QTL detected in bi-parental and association mapping studies identified nine main QTL clusters on 
chromosomes 2A, 2B, 4B, 6A, 7A and 7B, which appear to be most valuable for breeding applications 
(Maccaferri et al., 2016). However, further research is required to dissect the genetics of RSA in 
durum wheat that is relevant to breeders, along with the discovery of large effect QTL that are most 
desirable for marker-assisted breeding. 
In this study, an elite durum population derived from crosses between Australian and ICARDA 
germplasm pools were phenotyped for several root traits and used for genome-wide association study 
(GWAS) using high-density DArT-seq markers. A major QTL for RSA was identified on 
chromosome 6A, which was not associated with differences in root biomass. This discovery could 
facilitate the development of new varieties with context-dependent designer root systems, e.g. via 
marker-assisted breeding approaches, that optimise resource capture in the soil profile. 
 
4.3 Materials and methods  
4.3.1 Plant material 
A panel comprising 14 genotypes was evaluated for SRA under controlled conditions and nodal root 
angle in the field to investigate the correlation between the two traits (Table 4.1). This included eight 
genotypes from ICARDA’s elite germplasm pool in Morocco (Fastoz2, Fastoz3, Fastoz6, Fastoz7, 
Fastoz8, Fastoz10, Outrob4 and Fadda98). These lines were provided by ICARDA’s durum wheat 
breeding program and preselected for drought adaptation and used as parents in breeding programs 
targeting marginal rainfall regions of West Asia and North Africa. Three Australian durum 
commercial varieties were also included (DBA Aurora, Jandaroi, Yawa) which are preferred by 
growers and the pasta industry due to their high yield potential and protein content. In addition, bread 
wheat varieties Mace, Wylie and Scout were included with Mace and Scout used as standards of 
known root angle phenotypes (Table 4.1). For GWAS, a subset from a nested association mapping 
(NAM) population consisting of 393 homozygote inbred lines (F6) were evaluated for SRA. The 
NAM population was generated by crossing the eight ICARDA lines as ‘founders’ to Australian 
durum cultivars Jandaroi and DBA Aurora, which served as ‘reference’ varieties (Figure 4.1). 
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Figure 4.1 Durum wheat nested association mapping (NAM) population development, (A) crossing 
and the majority of generations of single seed descent (SSD) were generated under speed breeding 
conditions (brown) and one generation in the field (in green). (B) Visual representation of the NAM 
population created by crossing eight elite ICARDA founder lines with two Australian cultivars 
(Jandaroi and DBA Aurora). 
A description of the parental lines, including pedigree information, is provided in Table 4.1. The 
NAM population was rapidly generated in the speed breeding facility at The University of 
Queensland, which enables six generations of spring durum wheat in a year (Watson et al., 2018). 
The NAM resource comprises 10 donor×reference sub-populations of 92 F6 lines each. The subset of 
393 lines evaluated for SRA were selected based on agronomic appearance in the field and broadly 
cover the genetic diversity of the whole population (Figure 4.2). 
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Figure 4.2 Population structure in the NAM population. A principal component analysis based on 
pairwise modified Roger’s distances calculated from 4855 polymorphic SNPs was performed for 939 
NAM lines. The subset of 393 which was used for root phenotyping is highlighted in orange.  
 
4.3.2 Phenotyping seminal root angle under controlled conditions 
The panel of 14 genotypes including NAM parents and bread wheat standards (Table 4.1) were 
phenotyped for SRA, using the ‘clear pot’ method which is suitable for screening small grains such 
as bread wheat (Richard et al., 2015; Robinson et al., 2016; Alahmad et al., 2018a). In this experiment, 
clear pots were filled with composted fine, black-colored pine bark, consisting of 70% particles 0–5 
mm in size, pre-mixed with 30% coco peat to increase the water-holding capacity. A randomized 
complete block design (RCBD) was adopted using R V3.4.3 (R Core team 2017), with 15 replicates 
per genotype and 24 positions per 4 L pot. Pots were placed on the bench in a distinct column/row 
grid according to the RCBD design. Seeds were planted in the pots carefully positioning the embryo 
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facing the wall of the pot and vertically with the radical pointed downwards. This allows enhanced 
visibility of the seminal roots following germination. Plants were grown in the glasshouse under 
diurnal natural light conditions and constant temperature (17±2°C) as recommended by Richard et al. 
(2015). Images were captured five days after sowing (seminal roots 3-5cm in length) using a Canon 
PowerShot SX600 HS 16MP Ultra–Zoom Digital camera. The angle between the first pair of seminal 
roots was measured from the images using ImageJ software (http://imagej.nih.gov/ij/). Two bread 
wheat genotypes were tested as standards, including Mace for wide and Scout for narrow SRA 
(Alahmad et al., 2018a).  
The subset of 393 NAM lines, parents and standards were subsequently phenotyped for SRA in a 
separate experiment using the same procedures as described above. 
4.3.3 Phenotyping nodal root angle in the field 
The panel of 14 genotypes was evaluated for nodal root angle in the field using a ‘shovelomics’ 
approach (Trachsel et al., 2011). The field experiment was conducted at The University of 
Queensland Gatton Research Station (27o32’45” S;152o19’44” E) known for summer dominant 
rainfall and clay soils, Queensland, Australia, in 2017. RCBD was adopted using R software V3.4.3 
(R Core team 2017) where each genotype was replicated 3 times in 7.5 m2 yield plots (5 rows spaced 
0.3 m × 5 m long). Once all genotypes had reached anthesis, 10 plants per genotype were randomly 
selected and excavated from the internal two rows. Plants were manually removed to a depth of 20 
cm. Excavated plants were then vigorously shaken to remove the loose dry soil before images of the 
crown roots were captured using a smart-phone camera in the field. These images were then analysed 
and the outer angle of the nodal roots was measured using Image J software.  
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Table 4.1 Details for the panel of 14 durum wheat and bread wheat standards examined in this study 
 
 
Genotype name Ploidy Origin Pedigree 
DBA-Aurora Tetraploid Australia Tamaroi*2/Kalka//RH920318/Kalka///Kalka*2/Tamaroi 
Jandaroi Tetraploid Australia 110780/111587 
Yawa Tetraploid Australia Westonia/Kalka//Kalka/Tamaroi///RAC875/Kalka//Tamaroi 
Outrob4 Tetraploid ICARDA Ouassel1/4/GdoVZ512/Cit//Ruff/Fg/3/Pin/Gre//Trob 
Fadda98 Tetraploid ICARDA Awl2/Bit 
Fastoz2 Tetraploid ICARDA T.polonicumTurkeyIG45272/6/ICAMORTA0463/5/Mra1/4/Aus1/3/Scar/GdoVZ579//Bit 
Fastoz3 Tetraploid ICARDA Msbl1//Awl2/Bit/3/T.dicoccoidesSYRIG117887 
Fastoz6 Tetraploid ICARDA Azeghar1/6/Zna1/5/Awl1/4/Ruff//Jo/ 
Fastoz7 Tetraploid ICARDA CandocrossH25/Ysf1//CM829/CandocrossH25 
Fastoz8 Tetraploid ICARDA MorlF38//Bcrch1/Kund1149/3/Bicrederaa1/Miki 
Fastoz10 Tetraploid ICARDA Younes/TdicoAlpCol//Korifla 
Mace Hexaploid Australia Wyalkatchem/Stylet//Wyalkatchem[3798] 
Scout Hexaploid Australia Sunstate/QH-71-6//Yitpi[4113][4174][4177] 
Wylie Hexaploid Australia QT-2327/Cook//QT-2804[3596][3784] 
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4.3.4 Analysis of phenotype data 
All phenotypic data analyses were performed in R V3.4.3 (R Core team 2017). The root growth angle 
phenotypes for parental lines (n=14) in the glasshouse and the field, as well as the subset of NAM 
lines (n=393 F6 lines) in the glasshouse, were measured using ImageJ (Schneider et al., 2012). 
Statistical analyses of the root growth angle measurements were done using ASReml-R (Butler et al., 
2009). Best linear unbiased estimates (BLUEs) were calculated for each individual including the 
parental lines and the NAM-subset based on root angle data generated in a glasshouse experiment 
using the “clear pot method”. To account for spatial variation a mixed linear model was fitted. In this 
model, the genotypes were fitted as fixed effect, while the replicate, pot and position were fitted as 
random terms. The field experiment of the parental lines was conducted to investigate the correlation 
of mature root growth angle under field conditions with measurements of roots from plants grown 
under glasshouse conditions in early growth stages. BLUEs for the field data were obtained by fitting 
a linear mixed model with genotype as a fixed effect and the plot coordinates (row and column) as 
random effects. The BLUEs for the subset of NAM lines were used as phenotypes in the GWAS 
analyses. Significance of differences in root biomass between genotypes and between SRA 
haplotypes was tested using Tukey’s test for general linear hypothesis testing based on the linear 
models described above. Data derived from image analysis of rhizoboxes, and the anatomical traits 
from the cross sections were also analysed and tested for significant difference using Fisher’s Least 
Significant Difference (LSD) test. 
4.3.5 Genotyping and curation of marker data  
Ten sub-NAM populations were genotyped using the Diversity Arrays Technology (DArT) 
genotyping-by-sequencing platform (DArTseq). Leaf tissues were sampled from F6 plants and DNA 
was extracted according to the protocol provided by DArT. Genotyping resulted in a total of 13,395 
DArTseq markers which were ordered according to their genetic positions in the consensus map 
(version 4.0), provided by Diversity Arrays Technology Pty Ltd, Canberra, Australia. Markers with 
a frequency of heterozygotes of ≥ 0.1 and missing calls of ≥20% were omitted. Markers with ≥30% 
missing data and a minor allele frequency of <3% were omitted and only genotypes with ≤20% 
missing marker information were considered, resulting in a selection of 2,541 high-quality, 
polymorphic DArTseq markers in 393 durum wheat lines which were used for the subsequent genetic 
analyses.  
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4.3.6 Analysis of population structure 
All population structure analyses were conducted using the R package “SelectionTools 
(downloadable at http://cran-r.uni-giessen.de/~user/). To investigate population structure in the 
durum NAM panel we first calculated pairwise Roger’s distances between all genotypes using 2,541 
high quality markers. Based on the resulting distance matrix we performed a principal component 
analysis-based k-means clustering approach assuming k=10 subgroups (number of NAM families), 
for which we considered the first four principal components. Due to the initial crossing scheme based 
on which the NAM population was created, we assumed two main subpopulations with Australian 
reference varieties (DBA Aurora and Jandaroi). Furthermore, we visualized the genetic distance 
matrix by plotting a heat map of relatedness in which genotypes were ordered based on their 
unweighted-pair group method with arithmetic mean (UPGMA) clustering assignment (Figure 4.3). 
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Figure 4.3 Heat map showing relatedness of 939 genotypes and their clustering according to their 
genetic similarity. Two major clusters representing the Australian varieties, DBA Aurora (red box) 
and Jandaroi (green box), as common reference parent. Population Structure of the 10 sub-NAM 
populations (black boxes) generated from crossing two ICARDA lines (*) to both Australian 
reference varieties.  
 
4.3.7 Genome-wide association mapping and haplotype analysis 
The 2,541 high-quality genome-wide markers were used to investigate marker-trait-associations 
(MTA) for SRA. Significances for MTAs were calculated in a two-step mixed linear model approach 
that increases detection power without increasing the empirical type I error (Stich, 2009). We used a 
mixed model implemented in the R package GenABEL (Aulchenko et al., 2007) which adjusted for 
population stratification by including identity-by-state estimates for genotype pairs (as a kinship 
matrix) and a principal component adjustment that uses the first four principal components as fixed 
covariates. To reduce the type I error rate, we applied a stringent Bonferroni cut-off threshold of –
log10(p-value) = 4.67 (α = 0.05) for SRA (Bland and Altman, 1995). The major SRA QTL exceeding 
this threshold was then compared with previously identified drought-related and yield component 
QTL in an alignment approach.  
Local LD of the significant markers on chromosome 6A for SRA was calculated and used to group 
markers into one QTL. Markers with pairwise r2 values > 0.60 were assigned to an LD block and 
included in the haplotype analysis, resulting in eight haplotype variants which were observed in the 
population. Haplotype networks, showing TCS genealogies between haplotype variants (Clement et 
al., 2000), were calculated using PopART (http://popart.otago.ac.nz.) (Leigh and Bryant, 2015). The 
network nodes were colored according to the average SRA in the respective haplotype groups. To 
investigate the effect of the SRA QTL on the growth angle measurements while correcting for 
variability due to the genetic background, we selected three sub-NAM populations segregating for 
the SRA allele combinations associated with narrow and wide SRA, including DBA Aurora × 
Outrob4, DBA Aurora × Fastoz8, DBA Aurora × Fastoz3. We compared the mean SRA of lines that 
carried the two most frequent haplotypes hap1 and hap2 within the families separately. A Tukey’s 
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test was performed to test phenotypic differences in SRA between the haplotype groups within each 
family. 
4.3.8 Evaluating root and shoot biomass effects of root angle QTL  
To investigate whether the identified major SRA QTL is also associated with pleiotropic differences 
in root or shoot biomass, an glasshouse experiment was conducted under controlled conditions. A 
total of 40 closely related genotypes segregating for SRA QTL were evaluated, including 20 lines 
carrying hap1 and 20 lines carrying hap2. The panel was phenotyped for root biomass using the 
method reported by Voss-Fels et al., (2017) with some modifications. Here, ANOVA pots 
(ANOVApot®, 137 mm diameter, 140 mm height) were filled with 1650 g of sand (with particle size 
ranging from 0.075–4.75 mm) to facilitate efficient cleaning of roots. An RCBD was used for the 
experimental design, with four plants per genotype in each 1.40 L pot, in three replicates. Fifteen pots 
were placed in a container fitted with capillary mats to provided sufficient water and nutrients supply. 
A hydroponic solution was added to each container (1.50 mL of Cultiplex per liter of deionized 
water). The solution reached above the base of the pots and was maintained at the same level 
throughout the experiment. The concentration of the solution was optimized according to the plant 
growth stage as following: days 1–10: 1.50 mL/L, days 11–17: 2 mL/L, days 18–22: 2.50 mL/L, days 
23–26: 3 mL/L. 
Seeds were germinated using cold treatment (4 °C) for three days to promote synchronous 
germination. The germinated seeds were transplanted to the sand-filled plastic pots and grown under 
diurnal (12 hr) photoperiod in a temperature-controlled glasshouse (22/17 °C; day/night). At 26 days 
after sowing (early tillering stage) plants were extracted with minimum disruption to the roots by 
placing the pot in a water-filled container and carefully washing off the remaining sand in clean water. 
The roots and shoots from each pot were separated and placed in a dehydrator at 65 °C for 72 hours 
before dry weight was measured.  
4.3.9 Evaluation of root ideotypes under well-watered and drought conditions: 
To investigate the response of SRA QTL with different combinations of root biomass, four root 
ideotypes (root angle-root biomass; wide-low, wide-high, narrow-high and narrow-low) were 
evaluated using rhizoboxes adopted from Singh et al. (2010b). Ideotypes were selected from the root 
biomass experiment detailed above based on extreme root angle and biomass values. Briefly, 
germinated seeds were sown in rhizoboxes (4 cm × 26 cm × 60 cm) at a depth of 3 cm and maintained 
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under diurnal photoperiod (12 hr) and a temperature of 22/17 °C (day/night). An RCBD was adopted 
in three replicates as blocks in two treatments (well-watered and drought). Four plants per ideotype 
were planted in each rhizobox. Four rhizoboxes were placed in a container filled with 300 mL water 
to supply plants with water from the bottom of the rhizoboxes in both treatments. Following sowing, 
all chambers were watered daily until the one week after sowing. The well-watered (control) 
treatment received daily watering from the top of the rhizobox while the drought treatment received 
no water and was subjected to water-limitation in the upper layer of the soil. The percentage of soil 
moisture was measured weekly throughout the course of experiment (five weeks) using Soil Moisture 
Meter (PMS-714; Lutron Electronic; probe length 22 cm and probe diameter 1 cm) at a 50 cm depth. 
Images of the rhizoboxes were captured on week five and analysed using GIA Roots software 
(Galkovskyi et al., 2012). The images were cropped into three equal sections at 0-20 cm, 20-40 cm 
and 40-60 cm to evaluate root distribution at various soil depths. 
To investigate differences in root anatomy associated with narrow and wide root angle QTL, the stele 
diameter (SD) and metaxylem (MXA) area for the four ideotypes were measured for root tissue 
sampled 10cm from the seminal root apex in both treatments. Roots were hand sectioned with a razor 
blade using a dissecting microscope. The sections were stained with Toluidine Blue O. Images of the 
root sections were processed using Zeiss Axio Microscope; Scope.A1 with 100X magnification. All 
image analysis were processed using ZEN lite 2012 software, blue edition, Jena, Germany. 
4.3.10 Alignment of previously reported QTL for root and yield component traits 
The QTL reported in this study was positioned on the Svevo durum physical (Maccaferri et al., 2018). 
The previously reported QTL associated with RSA, distribution and growth angle (Maccaferri et al., 
2016) were also projected onto the map using MapChart V2.3 (Voorrips, 2002). In addition, the 
previously reported QTL associated with the yield components TKW, GY per spike and the quality 
parameter yellow pigment concentration were aligned on the same region (Golabadi et al., 2011; 
Roncallo et al., 2012; Maccaferri et al., 2016; Mengistu et al., 2016).  
4.3.11 Candidate gene analysis 
4.3.11.1 Mapping of marker genes in the bread wheat reference genome IWGSC RefSeq v.1.0  
Identified peak markers were mapped onto the homologous bread wheat pseudochromosome 6A 
using the recently published RefSeq v1.0 annotations (Appels et al., 2018). High confidence (HC) 
and low confidence (LC) RefSeq v1.0 gene models were extracted from the identified region and 
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used in further analyses. Similarity searches were carried out using BLASTn with high stringency 
settings (with an e-value cut-off of 1e-100). Collinearity analysis of Chromosome 6AL between T. 
durum and T. aestivum regions were performed using Pretzel (https://github.com/plantinformatics/ 
pretzel). Mapped markers and genes expressed  in root tissues in the seedling stage were used for the 
analysis. 
4.3.11.2 Gene expression analysis and functional predictions 
Gene expression patterns of the selected bread wheat gene homologs on chromosome 6A were 
analysed using the developmental gene expression atlas of polyploid wheat (Ramirez-Gonzalez et al. 
2018; Wheat eFP Browser at http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi)  and visualized in 
R using the Morpheus package (https://software.broadinstitute.org/morpheus). 
Translated sequences of selected durum gene models were subjected to functional KEGG pathway 
analysis using blastKOALA (Kanehisa et al., 2016). Potential interacting proteins were analysed in 
STRING (Szklarczyk et al., 2015) using the reference genomes of Brachypodium distachyon, 
Hordeum vulgare, Oryza sativa, Zea mays and Arabidopsis thaliana as data background. 
 
4.4 Results 
4.4.1 Variation for root angle: from glasshouse to field 
In this study, a panel consisting of the 14 parents of the NAM population and four standards with 
previously analysed rood characteristics was evaluated for SRA under controlled conditions in the 
glasshouse (Figure 4.4A) and for nodal root angle at the mature stage under field conditions (Figure 
4.4B). Phenotypes displayed by standards were as expected under glasshouse and field conditions, 
however, less variation under field conditions was observed. For example, the SRA for the standards 
under glasshouse conditions were 110.1˚ (Mace) and 62.6˚ (Scout) compared to 76.8˚ (Mace) and 
69.9˚ (Scout) for nodal roots under field conditions (Figure 4.4C). Although the absolute values varied 
between glasshouse and the field, Mace consistently displayed a wider root angle than Scout across 
both experiments. 
In both experiments, the ICARDA founder lines generally displayed a narrow root growth angle in 
comparison to the Australian durum cultivars. For example, the SRA for ICARDA founder lines 
ranged from 50.2˚ – 60.7˚ under glasshouse conditions and 51.8˚ – 61.6˚ in the field. Australian 
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cultivars ranged from 83.0˚ – 97.8˚ under glasshouse conditions and 78.7˚ – 85.8˚ in the field. A 
strong correlation between seminal root angle in the glasshouse and mature root angle in the field was 
observed as shown in the regression analysis inf Figure 4.4 (r = 0.81, P = 0.00038), wherein the panel 
of 14 lines showed consistent root growth angle phenotypes (Figure 4.4D).   
 
Figure 4.4 Root growth angle phenotypes measured in important durum wheat cultivars from 
Australia and Morocco: (A) seminal root angle for Australian cultivar DBA Aurora (left, wide root 
angle) and one of ICARDA elite founder lines Outrob4 (right, narrow root angle) screened using the 
clear pot method and (B) in the field using shovelomics method. (C) Nodal Root growth angle field 
measurements of 14 parental lines used for NAM population development. Correlation between 
seminal root angle in the glasshouse and mature roots in the field, r = 0.81, P = 0.00038 (D). 
4.4.2 Segregation for root angle in the NAM lines 
A high degree of variation for SRA was observed among the 393 NAM lines, with adjusted means 
ranging from 36.6˚ – 91.1˚ (Figure 4.5). In families derived from DBA Aurora (SRA = 81.1˚), the 
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SRA ranged from 38. 5˚ – 91.1˚ and in the families derived from Jandaroi (SRA = 75.5˚), the SRA 
ranged from 36.6˚ – 85.4˚. In particular, three families (Family 2, Family 3 and Family 5) derived 
from crosses between DBA Aurora (widest root angle) and three ICARDA founder lines with the 
narrowest root angle (Outrob4 = 48.7˚, Fastoz8 = 39.7˚ and Fastoz3˚ = 41.8˚, respectively) displayed 
little transgressive segregation, with a number of lines showing slightly narrower or wider SRA 
phenotypes than the respective parents. For example, SRA of the individuals ranged from 40.7˚ – 
91.1˚, 38.5˚ – 86.0˚ and 43.9˚ – 86.6˚ for Families 2, 3 and 5, respectively. Family 1 displayed a 
higher degree of transgressive segregation. In addition, Families 6 and 10 also displayed transgressive 
segregation, ranging from 41.5˚ – 85.1˚ (Family 6) and 36.6˚ – 85.4˚ (Family 10). 
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Figure 4.5 Seminal root growth angle measurements of the 10 NAM families. Families from 1 to 5 
(red) share DBA Aurora as a common parent, and families from 6 to 10 (green) share Jandaroi as a 
common parent. Family 1 = DBA Aurora × Fastoz7; Family 2 = DBA Aurora × Outrob4; Family 3 
= DBA Aurora × Fastoz8; Family 4 = DBA Aurora × Fadda98; Family 5 = DBA Aurora × Fastoz3, 
Family 6 = Jandaroi × Fastoz8; Family 7 = Jandaroi × Fastoz10; Family 8 = Jandaroi × Fastoz6; 
Family 9 = Jandaroi × Fastoz2; Family 10 = Jandaroi × Outrob4. Boxplots display the quartile range 
and median SRA (horizontal line) of individuals within each of the 10 sub-NAM populations. The 
broken red line displays the mean SRA value of DBA Aurora and the broken green line displays the 
mean SRA value of Jandaroi; × represents the mean SRA value of ICARDA founder lines; n 
represents the number of individuals in each family; µ represents the mean SRA value of each family. 
 
4.4.3 A major QTL for root growth angle is located on chromosome 6A 
A total of seven highly significant markers for SRA were detected on chromosome 6A (at Bonferroni 
threshold = -log10(P) 4.67; Figure 4.6A). A single major QTL region was defined based on high LD 
(r2 > 0.60) between pairwise markers, resulting in a QTL interval defined by the outer flanking 
markers 2256226 (86.46cM DArTseq V4 consensus map) and1127634 (94.68cM DArTseq V4 
consensus map) (Figure 4.6B). For on this QTL, eight main haplotypes were detected (Figure 4.6C). 
Hap1 and hap2 were the most frequent allelic variants in the subset of NAM lines (frequency = 36.1% 
and 30.3%, respectively) (Figure 4.6D). The mean SRA for genotypes in the eight defined haplotype 
groups ranged from 57.8˚ – 71.0˚ (Figure 4.6E). Comparison of SRA between the most frequent 
haplotypes hap1 and hap2 revealed a highly significant difference of 7.7˚ (SE = 1.2, P = <0.001) 
across all families segregating for the QTL in both genetic reference backgrounds DBA Aurora and 
Jandaroi.  
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Figure 4.6 Genome-wide association mapping for seminal root angle in a subset of 393 NAM lines 
using 2,541 high quality DArTseq markers (minor allele frequency > 5%). (A) Manhattan plot 
highlighting chromosome 6A (blue) with significant marker-trait association at Bonferroni significant 
threshold 4.7 (red horizontal line). (B) Heat map showing pairwise linkage disequilibrium (LD) 
between 7 significant markers representing major seminal root angle QTL on chromosome 6A (qSRA-
6A). Colour gradient represents LD as r2. (C) Haplotype network of 8 haplotype variants of the qSRA-
6A that were found in the subset of 393 NAM lines. Size of the circles represents the frequency of 
each haplotype in the population. Node colour indicates mean seminal root angle for lines carrying 
the haplotype. (D) Allelic marker-combination of the 8 haplotypes for the 7 DArTseq markers and 
the frequency value of each haplotype. (E) Seminal root angle variation in each haplogroup.  
The QTL detected in this study and previously reported QTL in the same chromosomal region 
(Golabadi, et al. 2011; Roncallo, et al. 2012; Mengistu, et al. 2016; Maccaferri, et al. 2016) were 
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positioned onto the durum reference genome (Svevo physical map, in press; Figure 4.7). The major 
QTL found in our study (qSRA-6A) was found to be co-located with previously reported durum QTL 
for root growth angle, total root length and root biomass, as well as QTL for yield components and 
quality traits (Figure 4.7). 
 
Figure 4.7 Major QTL for seminal root angle (qSRA-6A) positioned on the Svevo durum physical 
map (Mbp), along with QTL reported in previous mapping studies including root system architecture 
traits (TRL= total root length, RGA= root growth angle, ARL= average root length, TRL= total root 
length, PRL= primary root length, PRS= primary root surface), yield component traits (Bm; biomass, 
TKW; thousand kernel weight, KWS; GY per spike, SW; spike dry matter) as well as one quality trait 
(YPC; yellow pigment concentration) detected in previous studies. 
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4.4.1 qSRA-6A affects root architecture but not root biomass in different genetic backgrounds 
To evaluate the effect of the most common haplotypes for the major qSRA-6A QTL in different 
genetic backgrounds, we compared the most common haplotypes for that QTL in three NAM families 
which were segregating for the QTL. The three families derived from crossing Outrob4, Fastoz8 and 
Fastoz3 with the common reference parent DBA Aurora were tested as these families segregated for 
hap1 and hap2 of the major QTL (Figure 4.8). The phenotypic differences in SRA between 
individuals carrying hap1 and hap2 were significant for all three families. Amongst the families, 
differences between hap1 and hap2 ranged between 4.4˚ – 9.3˚. DBA Aurora × Fastoz8 displayed the 
largest difference (60.3˚ and 69.6˚ for hap1 and hap2, respectively). 
To investigate if the contrasting main haplotypes for the major QTL qSRA-6A were only associated 
with root architectural differences or with overall plant development we conducted a subsequent 
experiment in which we assayed root and shoot biomass for a subset of 40 genotypes that represented 
hap1 (n=20) and hap2 (n=20). Comparing dried total root biomass, total shoot biomass and the 
root/shoot ratio of this subset showed no significant differences between the two main haplotype 
groups. Average values for hap1 and hap2 were 0.641 g/line and 0.638 g/line for total root biomass, 
1.007 g/line and 1.023 g/line for total shoot biomass  and 0.643 and 0.631 root/shoot ratio.  
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Figure 4.8 Haplotype effect of the QTL, qSRA-6A, on the phenotypic response of SRA among the 
three families derived from DBA Aurora crosses to three ICARDA lines (Outrob4, Fastoz3 and 
Fastoz8). In each family, mean SRA value of individuals carrying hap1 and hap2 was compared. 
Boxplots display the quartile range and median SRA (horizontal line) of hap1 and hap2. The colours 
represent the two haplotype groups; n represents the number of individuals carrying different 
haplotype groups; µ represents the mean SRA value of each haplotype group; P represents 
significance difference between the two haplotype groups within each family using Honestly 
Significant Difference (HSD) test.  
4.4.2 Distribution and anatomy of four root system architecture ideotypes 
Root distribution under well-watered and drought conditions was investigated for the four root system 
ideotypes in rhizoboxes (Figure 4.9). 
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Figure 4.9 Comparison of four root ideotypes grown in root growth rhizoboxes under drought and 
well-watered conditions three weeks after sowing. (A) Differences in the percentage of root 
distribution between drought and well-watered conditions at different depths of the root rhizobox; 
upper-layer of the soil 0-20 cm, mid-layer of the soil 20-40 cm, deep-layer of the soil 40-60 cm. 
Visualization of root distribution for the four ideotypes (B) wide-low ideotype, (C) wide-high 
ideotype, (D) narrow-high ideotype, (E) narrow-low ideotype at different depths. 
Soil moisture of the rhizoboxes decreased dramatically with significant differences between 
treatments from three weeks after sowing (Figure 4.10). Overall, plants in the drought treatment had 
less total root area (area of the roots in the images) (Figure 4.11A) and significantly reduced crown 
root growth (Figure 4.11B;C). Unexpectedly, the lines carrying the narrow allele were responsive to 
localized water availability in the upper strata (Figure 4.11B), while in the drought treatment root 
proliferation shifted deeper into the strata in response to soil moisture at depth (Figure 4.11C). For 
   
131 
 
example, root ideotype ‘narrow-high’ produced significantly higher root area distribution (23.54 cm2) 
in comparison to wide root angle ideotypes (P < 0.05, wide-high = 21.15 cm2 , wide-low = 15.11 cm2) 
at the upper soil layer (0-20 cm) of the rhizobox under well-watered conditions. In addition, the 
narrow-high ideotype produced a significantly higher root area distribution under drought conditions 
in the lower soil profiles (20-40  cm = 18.15 cm2; 40-60 cm = 12.13 cm2) when compared to wide 
root angle at middle-layer (20-40 cm; 10.95-11.60 cm2, P < 0.05–0.1) and deep-layer (40-60 cm; 
2.60-9.35 cm2, P < 0.01–0.4) (Figure 4.11). 
Results from root anatomical traits suggested a strong link between root angle QTL qSRA-6A and SD 
as well as MXA at depth under well-watered conditions, however the link was not evident under 
drought conditions (Figure 4.12A; B). The wide root angle genotypes showed significantly reduced 
SD and MXA under drought conditions (P < 0.05). In addition, the narrow-high root biomass ideotype 
showed smaller MXA under drought conditions at depth suggesting lower water use in the early 
stages of plant development. 
 
Figure 4.10 Gravimetric soil moisture levels (%) over time at 50 cm depth of the rhizobox (bottom 
section 40-60 cm). Measurements of the control were taken prior to watering. The color of the line 
corresponds to the treatment, well-watered (blue) drought (red). Error bars are the standard error of 
the mean of 12 replicates per treatment. Means with the same letters are statistically similar. 
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Figure 4.11 Root area distribution of the four root ideotypes wide-low, wide-high, narrow-high and narrow-low at different depths of 
the growth chamber. (A) Boxplots display root distribution of the four ideotypes under control (well-watered) and drought conditions. 
The quartile range and median for the total root area (horizontal line) are displayed. The colors represent the two haplotypes of the root 
angle qSRA-6A. Letters above boxplots indicate the significance difference between the four root ideotypes using least significant 
difference (LSD) test at ɑ=0.05. Visualization of a representative of narrow-high root ideotype under (B) controlled (well-watered) and 
(C) drought conditions.  
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Figure 4.12 Root response to water availability at a depth of 50 cm. (A) Stele diameter of the four root ideotypes of samples collected 
10 cm from root apex, under well-watered (control; boxplot coloured in blue) and drought conditions (boxplot coloured in red). Mean 
stele diameter with different letters above the boxplot are significantly different. Radial root cross sections on seminal root at 10 cm from 
root apex displaying anatomical variation in the root ideotype wide root angle with low biomass (B) and narrow root angle with high 
root biomass (C) under well-watered and drought conditions, scale bars in the cross sections = 100 µm
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4.4.3 Candidate genes underpinning the 6A QTL 
Markers that were found to be significantly associated with SRA mapped to the distal end of 
chromosome 6A in durum and bread wheat. The length of the marked region was 22.82 Mbp in durum 
and 22.81 Mbp in bread wheat. These regions contain 393 gene models in durum, while 515 HC and 
34 LC gene models were identified in bread wheat. The homologous genes had a high level of 
collinearity between the terminal regions of chromosome 6A in the T. durum reference cultivar Svevo 
and the bread wheat reference genome RefSeq v1.0 (Figure 4.13). 
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Figure 4.13 Collinearity analysis of the root angle QTL region at the distal end of Chromosome 6A 
in the T. durum and T. aestivum reference genomes. Blue lines represent collinearity of the identified 
QTL peak markers. Deep red represents genes that show high expression levels in early development 
stages in roots. Green colouring represents genes with root-specific expression in the later stages. 
Gene expression patterns were analysed using the high-resolution tissue and stage-specific RNAseq 
data of Azurhnaya spring wheat (Winter et al., 2007; Ramírez-González et al., 2018). Altogether 206 
genes show root specific expression during the plant life cycle, from which 76 genes show significant 
expression during early root development stages (radicle and roots at the seedling stage, one leaf and 
three leaf stage roots and root apical meristem tissues; Figure 4.14). Transcript expression patterns 
from various tissues both at seedling stage, vegetative and reproductive stages are represented in 
Figure 4.14. Of these, 15 genes were primarily enriched in the root tissues during early root 
development (Figure 4.14; Table 4.2).  
In the bread wheat genome (RefSeq v1.0 chr 6A region) the mapped markers overlap with gene 
models representing a NAC transcription factor (TraesCS6A1G386700), a fatty acid hydroxylase 
family protein (TraesCS6A1G384600), a PRONE protein (TraesCS6A1G405000) and a SAWADEE 
homeodomain protein 2 (TraesCS6A1G420700). The position of the peak marker from the SRA QTL 
qSRA-6A mapped to the exon region both in the NAC domain-containing protein (3023468) and the 
PRONE protein (3935857). The observed SNP caused 8:T>A and 7:C>G nucleotide changes, 
respectively, which resulted in an amino acid change to the translated protein. Translated durum 
protein sequences mapped to the QTL region were subjected to KEGG pathway analysis. From the 
387 T. durum sequences, 114 proteins had significant blast hits in the KEGG database. The following 
KEGG pathways were enriched: 13 proteins involved in pathogen defense mechanisms, seven 
proteins in secondary metabolite biosynthesis (monolignol biosynthesis) and five proteins in fatty 
acid metabolism (fatty acid biosynthesis, jasmonic acid (JA) biosynthesis and beta-oxidation). Genes 
significantly expressed in the radicle and roots at the seedling stage as well as roots and root apical 
meristem at the three leaf stage were analyzed in more detail, using the STRING database to predict 
potential interacting protein networks. Studies using related monocot species (Brachypodium 
distachyon, Hordeum vulgare, Oryza sativa and Zea mays) as well as the model dicot species 
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Arabidopsis thaliana indicated the conserved patterns of interacting proteins enriched in functions 
involved in monolignol biosynthesis, fatty acid metabolism, jasmonic acid metabolism and beta-
oxidation. Proteins belonging to plant-pathogen interaction pathways were also detected using both 
the monocot and dicot data backgrounds. However, homologous proteins of Arabidopsis were also 
related to fatty acid metabolism pathways. Extended interaction networks in all backgrounds also 
highlighted proteins that are identified in auxin metabolism. 
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Figure 4.14 Expression patterns of bread wheat homologs with high expression in root tissues during 
the seedling stage and the 3 leaf stage. Phase, stage and tissue specific RNAseq libraries are labelled 
separately. Genes primarily expressed in the early root tissues are highlighted. 
 
Table 4.2 List of 15 candidate genes identified using the homologous chromosome 6A genomic 
region of bread wheat through functional analysis of qSRA-6A. 
Gene ID Homologous RefSeq v1.0 
Gene ID 
Molecular 
function 
KEGG pathway 
TRITD6Av1G217760 TraesCS6A01G381700 Cinnamoyl CoA 
reductase 
Monolignol 
biosynthesis 
TRITD6Av1G218270 TraesCS6A01G383800 Glutathione 
cytosolic 
Glutathione 
metabolism 
TRITD6Av1G218390 TraesCS6A01G384300 desumoylating 
isopeptidase 1-
like 
 
TRITD6Av1G220070 TraesCS6A01G392400 3-ketoacyl- 
thiolase 
peroxisomal 
Fatty acid 
metabolism, 
Jasmonic acid 
biosynthesis, Beta-
oxidation 
TRITD6Av1G221500 TraesCS6A01G396400 Serine/threonine-
protein 
phosphatase 
Translation/mRNA 
surveillance 
pathway 
TRITD6Av1G222970 TraesCS6A01G605500LC Membrane 
protein 
 
TRITD6Av1G223490 TraesCS6A01G407600 F-box family 
protein 
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TRITD6Av1G223520 TraesCS6A01G407600 F-box family 
protein 
 
TRITD6Av1G223760 TraesCS6A01G409500 Transmembrane 
protein 
 
TRITD6Av1G223780 TraesCS6A01G409600 Electron transfer 
flavoprotein beta-
subunit 
leucine catabolism 
and in phytol 
degradation 
TRITD6Av1G224460 TraesCS6A01G412700 Protein kinase, 
Wall-associated 
receptor kinase 2 
MAPK signalling 
TRITD6Av1G224970 TraesCS6A01G413500 Ripening-related 
protein, RIPER1 
 
TRITD6Av1G225080 TraesCS6A01G508800LC 12-
oxophytodienoate 
reductase 2 
Fatty acid 
metabolism, 
Jasmonic acid 
biosynthesis 
TRITD6Av1G225140 TraesCS6A01G414300 Disease 
resistance protein 
RPM1 
Plant/pathogen 
interaction 
TRITD6Av1G225520 TraesCS6A01G414300 Disease 
resistance protein 
RPM1 
Plant/pathogen 
interaction 
 
4.5 Discussion 
4.5.1 A major QTL on 6A determines seminal root growth angle  
Here, we report a QTL on chromosome 6A (qSRA-6A) that has a significant effect on root growth 
angle in a subset of 393 durum NAM lines with a high level of variation for SRA. The co-location of 
qSRA-6A with previously mapped QTL in durum wheat for various root traits, including root length, 
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root surface and root biomass (Maccaferri et al., 2016; Mengistu et al., 2016) suggests that this 
chromosomal region has a major impact on root development. In addition, qSRA-6A also aligned with 
genomic regions influencing yield components and quality parameters, such as thousand kernel 
weight and yellow pigment content (Golabadi et al., 2011; Roncallo et al., 2012; Mengistu et al., 
2016), implying a high importance of this region for agronomically important traits including GY and 
end-use quality parameters. Analysis of local LD around the main QTL peak showed high levels of 
pairwise LD between seven SRA-associated markers. Similar to reported observations for root traits 
in bread wheat (Voss-Fels et al., 2017) this suggests strong directional selection for this chromosomal 
block, resulting in a block-wise co-inheritance of markers in tight LD due to strong allelic fixation in 
important durum wheat germplasm (Tuberosa et al., 2002a; Hayes et al., 2007). Since root 
architecture directly affects the source-sink relationship it is likely that the underlying genetic 
mechanisms for drought-adaptive traits, such as root growth characteristics, also influence above 
ground traits like spike grain weight, TKW, spike dry weight and grain quality, which facilitates 
detection of similar QTL in segregating populations. 
A recent study on SRA in bread wheat suggests that root angle is under complex genetic control with 
multiple small effect QTL involved (Richard et al., 2018). In barley, similar to our study, seminal 
root traits were reported as being affected by a major QTL on chromosome 5H (Robinson et al., 
2016). In maize, a major QTL was reported as constitutive and was associated with root growth angle, 
root branching and root thickness. This QTL exhibited consistent strong effects under glasshouse and 
field conditions with different water treatments (Giuliani et al., 2005). In sorghum, four QTL for 
nodal root angle were mapped, two of which had a major effect and appeared to co-locate with 
previously identified QTL for stay-green expressed under low moisture conditions (Mace et al., 
2012). On the other hand, VERNALIZATION1 (VRN1), which controls flowering time in cereals like 
wheat and barley, was found to modulate RSA in bread wheat and barley (Voss-Fels et al., 2018c). 
The QTL identified in this study provides the opportunity to introgress novel diversity into durum 
and bread wheat to modulate RSA, potentially leading to improved performance under specific 
environmental conditions.  
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4.5.2 Candidate genes in the qSRA-6A interval are involved in root formation and growth-related 
functions 
Candidate gene analysis revealed that the position of the mapped markers of qSRA-6A overlaps with 
a genomic region enriched with genes related to gravitropism, polar growth and hormonal signaling. 
Notably, genes that are expressed only in root tissues at early stages of plant development (e.g. 
seedling and one-leaf stage) are involved in pathways such as fatty acid metabolism, jasmonic acid 
biosynthesis, and monolignol biosynthesis, that might be related to root angle variations in the 
analyzed phenotypes. Fatty acid metabolism and beta-oxidation play a significant role in the early 
germination steps when reserve lipids are mobilized to serve as respiratory substrates and to sustain 
the growth of the seedling. Among the identified early root development-related genes, a 3-ketoacyl-
CoA thiolase-like protein, Electron transfer flavoprotein beta-subunit and 12-oxophytodienoate 
reductase 2 and glutathione reductase are related to fatty acid metabolism and beta-oxidation in 
barley, rice, maize. 
During triacylglycerol degradation, fatty acids are released and channeled into gluconeogenesis. Beta-
oxidation is also essential to produce secondary metabolites in oxylipin signaling such as the 12‐
oxophytodienoic acid (OPR2) and jasmonic acid, which serve as signaling compounds in plant 
growth and pathogen defense mechanisms (Christine and Clifford, 2009; Wasternack and Hause, 
2013). An inhibiting role of OPR2 on seed germination has been described (Dave et al., 2011; Dave 
and Graham, 2012), showing the interaction between 12‐oxophytodienoic acid and abscisic acid that 
leads to increased ABA isensitive5 (ABI5) gene expression and suppressed germination. The 
identified durum OPR2 shows close homology to OPR5 in maize and OPR2 in barley; both of which 
are known to be involved in Jasmonic-acid biosynthesis pathways (Helmut et al., 2000). In roots, the 
growth inhibition by JA and OPR2 occurs via cross-talk with auxin and possibly other hormones, 
such as gibberelic acid (GA) and brassinoteroids (BR), mostly as an indirect effect via auxin. 
Jasmonic acid also regulates root gravitropism through affecting the biosynthesis of auxin. It directly 
influences the and gradient formation of auxin by modulating the its polar distribution  of auxin (Singh 
et al., 2017). JA induced gene expression is most characteristic in the outer layers of the roots 
(Gasperini et al., 2015). 
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The monolignol biosynthesis primarily regulated by Cinnamoyl CoA reductases plays an essential 
role in cell wall lignification in the casparian strips of the root. In the analyzed genomic region of the 
durum chromosome 6A, there are five cinnamoyl reductase genes encoded, and additional genes (e.g. 
ABC transporter, laccase) related to monolignol biosynthesis were also found in the region. Drought 
conditions were reported to enhance the monolignol biosynthesis in the root elongation zone of the 
seedlings by the inhibition of the cell wall extensibility and root growth (Ma, 2007). Similarly, lignin-
related phenolics biosynthesis was also reported during biotic stress (Silva et al., 2010). It is plausible 
to therefore suggest that these candidate genes may be having a role to play in the constitiution of the 
durum root ideotype. 
The concentration of genes functioning in fatty acid metabolism, monolignol biosynthesis and 
jasmonic acid biosynthesis pathways in the identified QTL region highlight the importance of 
jasmonic acid-auxin crosstalk in gravitropism perception and primary root angle formation. The 
potential target genes include enzymes involved in cell wall expansion (monolignol biosynthesis) and 
JA biosynthetic pathways. JA signaling in young root tissues acts contrary to auxin signaling effects, 
is also related to gravitropism and therefore might be directly related to root angle variations. Genetic 
variations observed in the encoding genes or their regulating cis-promoter elements can help to 
identify phenotypes where the coordinated negative impact of increasing JA levels and lignification 
is controlled. Next to the growth-related functions, these genes are also involved in abiotic and biotic 
stress responses, and among them in drought stress. 
4.5.3 The context-dependency of root system ideotypes in different environments 
The architecture of roots has great importance for sourcing underground water and nutrients which is 
essential for plant growth, particularly in marginal environments characterized by water limitation 
(Manschadi et al., 2006; Asif and Kamran, 2011). In barley, it has been hypothesized that shallow 
root growth as characterized by a wide root growth angle may be advantageous for accessing nutrients 
in the upper soil surface under environments where plants experience sporadic rainfall throughout the 
growing season (Robinson et al., 2016).  However, studies showed that this may not be always the 
case. For example, in the Mediterranean climate of South Australia that experience high in-season 
precipitation, narrow root angle seem advantageous and tends to be associated with higher GY 
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(McDonald, 2010). On the other hand, ‘steep, deep and cheap’ narrow root angle ideotypes with 
longer roots and more root branching at depth are most desirable for enhanced access to nutrients and 
water stored in deep layers of the soil under environments experiencing terminal drought (Manschadi 
et al., 2008; Christopher et al., 2013; Lynch, 2013). Moreover, deep roots could be ideal to reduce 
between-plants competition for resources under high-density planting in high-input conditions 
(Manske and Vlek, 2002). Plants that express drought-adaptive traits under water-limited 
environments have been shown to sustain increased yield (Manschadi et al., 2010). This is likely due 
to increased water access post-anthesis which can be through deeper and more efficient root systems 
(Mace et al., 2012). Manschadi et al. (2006) demonstrated in their modeling study a yield increase of 
an extra 55 kg/ha for each millimeter of water extracted from the soil after anthesis and during the 
grain filling stage. The key reason for that was an increase in marginal water use efficiency to almost 
three times after anthesis, due to enhanced access to water available in deep soils (Kirkegaard et al., 
2007; Christopher et al., 2013). The qSRA-6A QTL identified in this study is highly associated with 
root growth angle. This suggests deployment of the narrow (hap1) allele for qSRA-6A could be 
beneficial in breeding programs targeting production environments with deep soils that often 
experience drought stress. The root plasticity under drought suggests that carrying the narrow allele 
may not have a yield penalty in high rainfall seasons because root growth appears to respond and take 
advantage of resource availability in the upper soil layers. The GxE for root development and utility 
of this feature should be further explored. 
Interestingly, no association between qSRA-6A QTL with root and shoot biomass was found when 
comparing contrasting haplotype groups with similar genetic backgrounds. This implies that root 
growth angle and root biomass are under separate genetic control, opening up the possibility to create 
customized root systems, e.g. by using marker-assisted introgression approaches. Results of our study 
also highlighted that the ‘narrow-high’ ideotype produced the highest root proliferation at the deepest 
soil level with the smallest MXA under drought. This suggests the mechanism for accumulation of 
root biomass may not only be related to root branching at depth but also associated with an adaptive 
mechanism involving reduced water use uptake during early stages of crop development. If the loci 
controlling root biomass are deployed with loci influencing the direction of root growth, root 
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proliferation could be directed and concentrated at desired soil depths. Such allelic combinations 
assembled through plant breeding could give rise to improved commercial varieties with designer 
roots tailored for specific target environments (Voss-Fels et al., 2018d). A similar observation was 
made in a study in rice where a major RSA gene called DEEPER ROOTING 1 (DRO1) was cloned 
(Uga et al., 2013). They showed that DRO1 is involved in gravitropic response of root cells, thereby 
influencing root growth direction, but without a significant effect on root biomass. The fact that the 
DRO1 orthologue is located on group 5 chromosomes in wheat and wild emmer implies that the QTL 
on 6A mapped in the present may contain a currently uncharacterized gene. 
The genetically stable effects of the qSRA-6A haplotypes across three different families with different 
genetic backgrounds imply that marker-assisted backcrossing strategies exploring the markers 
identified in this study could be effective to specifically modulate RSA in future breeding attempts. 
Several studies have reported that root growth angle in the seedling stage was predictive for root 
growth angle in the field (Tuberosa et al., 2002a; Landi et al., 2010; Li et al., 2015; Richard et al., 
2015; Uga et al., 2015; Kanehisa et al., 2016). Furthermore, recent studies have shown that root 
system architecture can be manipulated through recurrent phenotypic selection at the seedling stage 
under glasshouse conditions in which root traits could be measured at high broad-sense heritabilities 
(ranging from 0.62 – 0.79), leading to significant shifts in population distributions after a few cycles 
of selection (Alahmad et al., 2018a; Richard et al., 2018). This offers plant breeders different options 
to directly manipulate RSA. 
One major limitation for the direct consideration of root traits in defined breeding goals is the high 
context-dependency of varying RSA in different environments and the interplay of roots with other 
key phenology traits like flowering time in the expression of the end-point trait (e.g. GY) (Alahmad 
et al., 2018a). It was recently shown in a comprehensive study involving multi-environment trials in 
barley that the genetic correlation of root growth angle and yield was highly context dependent, 
ranging from situations in which shallow roots were associated with increased yield performance and 
vice versa (Robinson et al., 2018). 
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Chapter 5. Investigating the value of above- and below-ground adaptive traits under 
drought and crown rot conditions 
CHAPTER 5 
 
Investigating the value of above- and below-ground adaptive traits under 
drought and crown rot 
5.1 Abstract 
Chapter 4 described the development of a NAM population using ‘Speed Breeding’ technology and 
the evaluation of a subset of 393 individuals for SRA using the clear-pot method. A major QTL 
shaping the SRA was identified and using the significant markers two major haplotype groups, hap1 
and hap2 were found. We then investigated the value of main allelic variants of this major QTL in 
the field under different conditions. The results highlighted the possibility of combining below-and 
above-ground traits to evaluate the effect of these adaptive traits on yield under CR inoculated or un-
inoculated drought conditions. In this chapter, a subset of 168 NAM lines was evaluated under two 
drought environment scenarios with contrasting CR inoculum pressure. Following the anthesis stage, 
the percentage of white heads (WH1and WH2) was scored, four and two weeks before physiological 
maturity, respectively. Then, the extracted plants from the soil were scored for brown discolouration 
of the stems using a 0–9 scale. The data derived from the percentage of white heads and the stem 
browning scores were combined using a weighted severity index. In addition to disease severity 
symptoms, the subset was also evaluated for key agronomic traits, such as plant height, anthesis date, 
staygreen and GY.  
A GWAS using 2,541 high-quality polymorphic DArTseq markers and the CR response, data from 
the field, resulted in the identification of a major QTL consisting of five significant markers in strong 
local linkage disequilibrium (LD) on chromosome 6B (r2 = 0.72). Haplotype analysis for this region 
identified three most frequent haplotype variants in the population. A total of 101 lines carried hap1 
(25.77%) associated with increased susceptibility to CR (mean CR score = 6.10), and 27 lines carried 
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hap2 (6.89%) associated with tolerance to CR (mean CR = 5.10). Furthermore, allelic variants were 
associated with key staygreen traits under CR inoculated and un-inoculated drought conditions. Since 
the QTL for below- and above-ground traits identified in Chapter 4 and this chapter were independent 
and detected on separate chromosomes (qSRA-6A and qCR-6B), we investigated the possibility of 
combining these QTL. We found a significant difference in yield under drought and CR disease 
pressure between the lines carrying both favourable allele combinations and those lacking both 
favourable alleles (yield difference = 1.10 t.ha–1, P = 0.004). In contrast, under drought conditions in 
the absence of CR disease pressure, there was no statistical difference in yield between individuals 
carrying and lacking favourable alleles. However, the lines carrying the favourable alleles had a 
higher yield than the lines lacking the favourable alleles (overall yield difference across the three 
environments = 0.57 t ha–1). In addition, GWAS for above-ground traits (staygreen traits and yield) 
performed in this chapter identified genomic regions in close proximity to qCR-6B; these include 
qGY-6B QTL for GY, qSGint-6B and qOnS-6B QTL for staygreen traits and qPH-6B QTL for plant 
height.  
Results from this study highlighted the value of combining above- and below-ground physiological 
traits to boost yield performance under high stress conditions including drought and CR 
environments. This study provides new insights into the genetic controls of these adaptive traits. We 
anticipate this will assist breeders to develop improved durum wheat varieties with enhanced yield to 
reduce production losses caused by water deficit conditions and CR infection. 
 
5.2 Introduction 
Durum is typically grown under rain-fed conditions in the semi-arid regions of the world (Araus et 
al., 2002) and therefore, GY is heavily driven by the quantity and timing of rainfall throughout the 
growing season. In addition, durum wheat is particularly susceptible to CR and suffers greater losses 
in yield when compared to common wheat and barley (Hollaway et al., 2013). In Australia, CR has 
been one of the factors limiting the expansion of durum wheat-growing areas despite the high demand 
for Australian durum grain especially from European markets. CR disease is characterised by the 
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formation of white heads post anthesis. The disease is exacerbated when coincided with water stress 
and therefore heavily influences the seed formation resulting in reduced quality (Klien et al., 1991; 
Burgess et al., 2001; Smiley et al., 2005; Hollaway and Exell, 2010; Chekali et al., 2011; Hollaway 
et al., 2013). A recent study reported that increased screenings in durum wheat caused by CR 
conditions resulted in reduced quality (Graham, 2015). The quality downgrade and test weight 
decrease leads to a significant reduction of the farmers’ potential income (Liu and Ogbonnaya, 2015).  
Due to the lack of genetic resistance and insufficient fine mapping studies to define resistance genes, 
for the main focus for decreasing the impact of CR on yield has been on inoculum reduction through 
cultural practices (Burgess et al., 1996; Felton et al., 1998; Wildermuth et al., 2001; Simpfendorfer 
et al., 2006; Verrell et al., 2009; Simpfendorfer et al., 2012; Simpfendorfer, 2015). Managing water 
stress during grain filling, which is the key factor affecting yield, has not been given sufficient 
attention (Alahmad et al., 2018b). Several strategies could be adopted to reduce soil moisture stress 
during grain filling, such as enhancing the ability of the crop to access water stored deep in the soil 
profile by better adapting root system architecture (Manschadi et al., 2013; Christopher et al., 2015). 
In addition, staygreen genotypes have been reported to have superior adaptation to water-limitation 
for many crops including wheat (Christopher et al., 2015; Christopher et al., 2016), barley (Gous et 
al., 2013), sorghum (Jordan et al., 2012; Borrell et al., 2014b) and maize (Hammer et al., 2009). 
Furthermore, early flowering is considered one of the physiological traits that might have a pivotal 
impact on yield production under CR pressure. Fast maturity can help crops to avoid terminal drought 
and heat stress during grain filling which may also limit the impact of CR (Hasanuzzaman et al., 
2013). This may in part explain the reduced yield loss from barley crops compared to common wheat 
due to its relatively earlier maturity (Smiley et al., 2005). There is a lack of research that explores the 
role of heat tolerance traits such as waxy leaves and leaf rolling on reducing the impact of CR. Such 
traits have been reported to enhance the water-use efficiency in wheat (Richards et al., 2010). While 
breeding for such physiological traits resulted in increased yield under water deficit conditions (Lopes 
et al., 2011) the value of these traits under CR conditions has not been investigated. 
In this chapter, the same subset of the NAM population as described in Chapter 4 was used to identify 
key genetic regions underpinning above- and below-ground traits in field trials including flowering 
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time, screen for sources of tolerance to CR and staygreen traits including the onset of leaf senescence 
(OnS), mid-point of leaf senescence (MidS), near completion of leaf senescence (EndS) and stay-
green integral (SGint) as shown in Table 5.1. The root angle QTL reported in Chapter 4 and QTL 
identified in this chapter for staygreen traits, flowering time and CR tolerance appeared to be 
independent. This implies a possibility of combining the genetic regions controlling physiological 
traits for improved water-use efficiency, such as deep root systems with above-ground developmental 
traits such as staygreen and validating yield performance under contrasting CR inoculum pressure in 
the field. It was proposed that combining genes conferring genetic resistance to CR and key water-
use traits will lead to a step-change in the productivity of durum wheat cultivars in water-limited 
farming systems with high CR disease pressure in Australia. 
Table 5.1 Staygreen traits adopted from Christopher et al. (2016) based on a fitted curve to the 
periodic NDVI measurement (number of days) collected from flowering time until full canopy 
senescence.  
Abbreviation  Staygreen trait Description 
OnS Onset of leaf senescence Number of days from anthesis to 90% of greenness 
MidS Mid-point of leaf senescence Number of days from anthesis to 50% of greenness 
EndS Near completion of leaf senescence Number of days from anthesis to 10% of greenness 
SGint 
Stay-green integral (senescence 
integral) 
Total staygreen parameter referred to the green leaf area 
duration from anthesis to full senescence 
 
5.3 Materials and methods  
5.3.1 Plant material 
A panel comprising 168 NAM lines (described in Chapter 4) was tested in the field under drought 
conditions at two sites, one of which was treated with a high rate of CR inoculum. The NAM lines 
were evaluated for CR symptom severity and key agronomic traits such as staygreen traits, plant 
height, anthesis date and yield performance. The panel included 141 durum NAM lines and eight 
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durum elite breeding lines imported into Australia in 2015 from ICARDA’s germplasm pool in 
Morocco (Fastoz2, Fastoz3, Fastoz6, Fastoz7, Fastoz8, Fastoz10, Outrob4 and Fadda98) as described 
in Chapter 3. This panel also comprises nine Australian durum cultivars (Jandaroi, DBA Aurora, 
Caparoi, Hyperno, Kalka, Saintly, Tjilkuri, WID 802 and Yawa), two of which were used as reference 
parents for developing durum NAM population (Jandaroi, DBA Aurora) described in Chapter 3. 
5.3.2 Field experiments 
5.3.2.1 Crown rot experiment 
The CR experiment was conducted at the Department of Agriculture and Fisheries Queensland 
(DAFQ) Hermitage Research Facility (28o12’40” S; 152o06’06” E), Warwick, QLD in 2017. The 
experimental site had a heavy rate of CR inoculum relative to the untreated sites. To achieve this rate 
of inoculum, the site was sown with the seeds of the most susceptible Australian durum cultivar 
‘Jandaroi’. The seeds were mixed with mycelium cultured on ground millet to facilitate infection 
during the germination and seedling stages. At maturity, Jandaroi was ploughed into the soil and 
stubble was retained to enable inoculum build up at the experimental site. The cycle was repeated 
five times over a period of three years before CR evaluation of the panel. The experiment was 
designed with partial replication where 50% of lines were replicated in mini-plots in a row-column 
grid with plots containing 4 rows of 4 metres long (i.e. 4 m2 plots) as described by Cullis et al. (2006). 
The flowering dates and plant height were recorded and weekly normalized difference vegetative 
index (NDVI) measurements from flowering time until full physiological maturity were recorded. 
The percentage of white heads due to CR infection in the plot was also recorded three weeks and five 
weeks after flowering time. Ten plants per mini-plot were manually extracted from the inner rows of 
each plot and scored for stem browning discolouration due to CR infection using a 0–9 scale where 
0 is fully resistant and 9 is the most susceptible. A weighted index for CR severity was adopted by 
combining the datasets derived from the percentage of white heads and the stem browning 
discolouration scores. Yield was recorded following the harvest of the mini-plots.  
5.3.2.2 Uninoculated dryland experiment 
The dryland experiment and CR experiment were rainfed, under the same drought conditions and in 
close proximity on the same site (200 meters apart). However, the dryland site was not inoculated 
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with CR. The layout of this experiment was similar to the CR experiment where the same design and 
plot dimensions were implemented. In addition, the panel of evaluated genotypes was sown on the 
same day. Traits recorded in this experiment were flowering time, plant height, weekly NDVI 
measurements (staygreen traits) and yield. In addition, two more rainfed experiments were 
established in Roseworthy (34°30'08.5"S; 138°41'30.2"E), South Australia and Marchouch 
(33°36'48.0"N; 6°43'04.8"W), Morocco. Agronomic traits, as well as yield, were collected from the 
two later sites. 
5.3.3 Root biomass experiment under controlled conditions 
To further investigate the relationship between root biomass and yield under crown rot conditions, a 
panel of 40 genotypes was selected based on their allelic state for the major root angle QTL as 
reported in Chapter 4 (i.e. hap1 = narrow, n = 20; and hap2 = wide, n = 20). This panel was phenotyped 
for root biomass using the phenotyping method reported by Voss‐Fels et al. (2017) with slight 
modifications. Here, ANOVA pots (ANOVApot®, 137 mm diameter, 140 mm height) were filled 
with 1658 g of sand (with particle size ranging from 0.075–4.75 mm) to facilitate efficient cleaning 
of roots. A randomised complete block design (RCBD) was adopted, with four plants per genotype 
in each 1.40 L pot, in three replicates. Fifteen pots were placed in a container which was fitted with 
capillary mats to enable water and nutrient availability. Hydroponic solution was added to each 
container (1.50 mL of Cultiplex per litre of de-ionized water) with the solution reaching above the 
base of the pots and maintained at the same level throughout the experiment. The concentration of 
the solution was optimised according to the plant growth stage as follows: days 1–10: 1.50 mL/L, 
days 11–17: 2 mL/L, days 18–22: 2.50 mL/L, days 23–26: 3 mL/L. 
The seeds were germinated during a cold treatment (5 °C) for three days to synchronise germination 
and the germinated seeds were sown under diurnal glasshouse conditions with 17/22 °C night/day 
temperature. At the early tillering stage 26 days after sowing, plants were extracted with minimum 
disruption to the roots by placing the pot in a bucket of water and washing off the sand in clean water. 
The roots and shoots of the four plants were separated and the roots were placed in a dehydrator at 
65 °C for 72 hours. After drying, root biomass was weighed using a balance with 0.0001 g accuracy 
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(AND, HR–200, A&D Company Limited, Tokyo, Japan). The measurements of root biomass for the 
four plants were considered as a single experimental unit in the analysis.  
5.3.4 Analysis of phenotype data 
Phenotype data were analysed using the package ASReml–R package (Butler et al., 2009) in R V3.4.3 
(R Core team 2017). To correct for spatial variation in the field sites, a mixed linear model was fitted 
with genotype set as fixed effect, while replicates and the field grid of row and column were fitted as 
random terms. Best linear unbiased estimates (BLUEs) were calculated and referred to as the adjusted 
mean value for each NAM line in the panel for all traits in both experiments. In addition, minimum 
and maximum values of all the traits, as well as the broad sense heritability H2 (repeatability), were 
calculated. Correlation between the mean values (BLUEs) of yield, staygreen traits, plant height, the 
number of days from sowing until anthesis under CR and drought conditions were also calculated.  
5.3.5 Genome-wide association mapping 
A total of 2,541 high-quality genome-wide markers as previously reported in Chapter 4 were used in 
this chapter to investigate the association with CR, staygreen phenotypes, flowering time and yield 
under crown rot conditions, using the R package GenABEL (Aulchenko et al., 2007). Marker-trait 
associations were calculated using a two-step mixed linear model approach that increases detection 
power without increasing the empirical type I error (Stich et al., 2008). The model was adjusted for 
population stratification by including identity-by-state estimates for genotype pairs (as a kinship 
matrix) and a principal component adjustment that uses the first four principal components as fixed 
covariates. To decrease the type II error rate a relaxed, arbitrary threshold of – log10(P) ≥ 3 was used.  
Local LD was calculated for the significant markers representing QTL for CR. Markers with pairwise 
r2 values ≥ 0.70 were subjected to haplotype analysis, resulting in two major haplotype variants (hap1 
= 6.1, hap2 = 5.1). Furthermore, the associations of different alleles of the CR QTL with staygreen 
traits and GY under crown rot growing conditions were investigated. The effect of the major root 
angle QTL qSRA-6A as described in Chapter 4 on above-ground traits and GY was also investigated. 
This was achieved by comparing GY performance for NAM lines that were segregating for the main 
CR and SRA QTL. The lines that possessed favourable allele for both the SRA and CR QTL were 
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tested against the lines that lacked both favourable alleles by comparing group phenotypes using a 
Tukey’s HSD (honestly significant difference) test. 
5.3.6 Previously reported QTL on 6B for above-ground traits 
The QTL identified in this study were aligned with genomic regions previously reported in the 
literature for key drought-related traits, pathogen susceptibility, yield as well as grain quality 
(Maccaferri et al., 2008; Ghavami et al., 2011; Peleg et al., 2011; Blanco et al., 2012; Prat et al., 2014) 
and were positioned on the Svevo durum physical map (in press) using MapChart V2.3 (Voorrips, 
2002). 
 
5.4 Results 
5.4.1 Trait variation under drought and crown rot conditions in the field 
In this chapter, a subset of 168 NAM lines was successfully evaluated under drought conditions in 
the field with and without CR pressure. Traits measured under both field experiments included 
flowering time, plant height, weekly NDVI measurements and yield. In addition, CR severity and the 
percentage of white heads were noted for the CR environment. Variation was observed for all traits 
under both environments especially under CR due to the disease pressure (Table 5.2). The broad sense 
heritability H2 for those traits under CR conditions ranged from 0.18–0.77 and 0.31-0.79 under 
drought conditions.  
The practical necessity to use separate adjacent experiments for inoculated versus un-inoculated 
drought treatments does not allow formal statistical comparison of trait means between experiments. 
However, an informal comparison between experiments suggests some large differences. Yield under 
CR conditions ranged from 0.58 –3.94 t.ha–1 with a mean value of 2.30 t.ha–1 which was less than half 
of the yield mean value in the nearby separate experiment under drought conditions without CR 
inoculum. Furthermore, CR disease likely reduced thousand kernel weight (TKW) with a mean value 
of 37.70 g per thousand seeds in comparison to 41.90g under drought conditions without inoculum. 
Plant height measurements ranged from 63.40–66.70cm. However, the heritability for plant height 
   
152 
 
 
 
under crown rot conditions was lower than the heritability under drought conditions. This resulted in 
a greater variability of plant height phenotypes ranging between 52.90–95.80 cm when compared to 
plant height measured under drought conditions, where measurements ranged from 48.00–85.50 cm. 
The tested NAM lines showed a large variability for all staygreen traits under CR conditions 
compared to the observed variability of those traits under drought conditions. Furthermore, the rate 
of senescence was increased under CR conditions. For example, the mean value of the number of 
days from flowering time until 50% senescence (MidS) was 16.8 days under CR conditions in 
comparison to 25.3 days under drought conditions. Similar results were observed for the number of 
days from flowering time to 90% senescence (EndS), with 30.0 days and 36.3 days under CR and 
drought conditions being recorded, respectively. The CR severity score ranged from 2.3–8.8 and the 
overall % WH1 and WH2 ranged from 1.1%–77.2%, with the H2 for those three traits ranging from 
0.24–0.57 (Table 5.2). 
Trait correlation under CR (Figure 5.1A) was high between yield and staygreen traits including MidS, 
EndS and the area under the curve of the staygreen model from flowering time to full senescence 
(SGint). These traits were moderately correlated with GY under drought conditions (Figure 5.1B). 
Furthermore, staygreen traits were moderately correlated with TKW under drought conditions and 
moderately to strongly correlation under CR conditions. A strong negative correlation between CR, 
WH1, WH2 and GY under crown rot conditions was observed. 
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Figure 5.1 Pearson’s correlation matrix displays (A) Stay green traits correlation with yield under 
crown rot and (B) drought conditions. Colour gradient of ellipses indicates positive correlation 
(green) and negative correlation (brown) while the lack of an ellipse indicates that the correlation was 
not significant (P≥0.05). Traits include: GY in tonnes per hectare; PH, plant height; DTF, number of 
days to flowering; TKW, thousand kernel weight; OnS, number of days from flowering until 10% 
senescence; MidS, number of days from flowering time until 50% senescence; EndS , number of days 
from flowering time until 90% senescence; SGint, area under the curve of the staygreen model from 
flowering time to complete senescence. 
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5.4.2 Association between seminal root angle QTL (qSRA-6A) and field performance 
The most frequent haplotype groups of the qSRA-6A hap1 and hap2 reported in the previous chapter 
were investigated for their effect on the performance of the NAM lines that were segregating for 
both haplotype groups in the field with and without CR inoculum. A significant difference between 
the two major haplotype groups qSRA-6A -hap1 and qSRA-6A -hap2 was detected under drought 
conditions for one of the most important staygreen traits (SGint area under the curve, P<0.01). A 
significant difference between qSRA-6A -hap1 and qSRA-6A -hap2 for GY under drought conditions 
(P<0.001) was observed with 0.57 t.ha–1 yield benefit for lines that are carrying the favourable 
haplotype variant for qSRA-6A-hap2 (Figure 5.2A and 5.2B). Interestingly, no significant 
difference between qSRA-6A-hap1and qSRA-6A -hap2 was noted for the area under the curve as 
well as GY under CR conditions (Figure 5.2C and 5.2D).  
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Figure 5.2 Difference between the two major haplotype groups for seminal root angle QTL (qSRA-
6A) identified in Chapter 4 on (A) staygreen (SGint area under the curve) and (B) grain yield (GY) 
under drought conditions. (C) SGint and (D) GY under CR conditions. The significance level at 0 
‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 between the two major haplotype groups. No significant difference 
between qSRA-6A-hap1 and qSRA-6A-hap2 was noted for the area under the curve as well as the GY 
under CR conditions. In the boxplots, the line is the median, the box in bound the lower and upper 
quartile values Q1=25% and Q3=75 respectively, while the lines below and above indicate the 
extreme values, values outside the lines are representing the outliers. 
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Table 5.2 Trait minimum, maximum and means response and the broad sense heritability for the subset of durum NAM lines evaluated 
under CR inoculated or un-inoculated drought conditions. 
Traits 
Crown rot inoculated drought conditions Crown rot un-inoculated drought conditions 
Min Max 
Adjusted 
mean 
H2 Min Max 
Adjusted 
mean 
H2 
Grain yield (GY; t.ha–1) 0.58 3.94 2.3 0.67 3.5 6.4 4.9 0.68 
plant height (PH; cm) 52.9 95.8 66.7 0.45 48.0 85.5 63.4 0.79 
time to flowering (DTF; Days) 99.7 112.4 106.8 0.18 96.6 106.4 101.1 0.31 
Thousand kernel weight (TKW; g) 28.3 48.7 37.7 0.77 32.5 53.8 41.9 0.72 
Onset of leaf senescence (OnS) 7.0 19.0 6.5 0.41 4.7 26.9 16.7 0.54 
Mid-point of leaf senescence (MidS) 5.3 26.9 16.8 0.48 15.6 31.8 25.3 0.45 
Near completion of leaf senescence (EndS) 19.2 247.7 30.0 0.25 29.2 43.3 36.3 0.26 
Stay-green integral (SGint) 16.4 29.8 23.0 0.5 20.4 30.8 24.9 0.47 
Crown rot severity (CR) 2.3 8.8 5.9 0.24 
NA NA NA NA 
1st reading white heads (% WH1) 1.1 65.2 21.3 0.45 
NA NA NA NA 
1st reading white heads (% WH2) 1.9 77.2 37.1 0.57 
NA NA NA NA 
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5.4.3 Association between crown rot QTL (qCR-6B) and field performance 
Phenotypic data for the CR severity index derived from three data sets including stem browning 
scores, %WH1 and %WH2 for the subset of 168 NAM lines under CR conditions (Figure 5.3A) were 
used for GWAS. A Manhattan plot describing the association between highly significant markers and 
CR severity response under CR conditions is presented in Figure 5.3B. A total of five significant 
markers were detected on chromosome 6B based on the arbitrary threshold – log10(P) ≥ 3. A single 
QTL (qCR-6B) was assigned based on a high level of LD (r2 = 0.71) between the markers 1023342 
(42.43cM DArTseq V4 consensus map) and 1039837 (53.61cM DArTseq V4 consensus map) (Figure 
5.3B). Using the five significant markers identified in this chapter and their allelic variation in the 
subset of 168 NAM lines, 26 haplotype groups were detected. The hap1 and hap2 were the most 
frequent variants in the subset of NAM lines (frequency = 25.76% and 6.88% respectively). All other 
haplotypes occurred in 3.30% of individuals of the NAM subset. The mean CR severity indices for 
the hap1 and hap2 of the qCR-6B QTL were 6.60 and 5.10, respectively. The haplotype group 
comparison of CR severity index between the most frequent haplotypes, hap1 and hap2, revealed a 
highly significant difference of 1.54 (P ≤0.001).  
The effects of the two major haplotypes were investigated on yield performance, staygreen under CR 
conditions and root biomass under controlled growth conditions. Yield difference between the mean 
value of hap1 (2.70 t.ha–1) and hap2 (1.91 t.ha–1) for the qCR-6B QTL was significant with a GY 
difference of 0.79 t.ha–1 (P ≤0.001). In addition, the number of days from flowering until 90% 
senescence was significantly different between hap1 and hap2, with lines carrying hap1 for the qCR-
6B QTL remaining green for an extra 4.24 days (prolonged grain filling) more than the lines carrying 
hap2 (P ≤0.05) under crown rot conditions. Furthermore, haplotype groups had a potential effect on 
the root biomass during the early tillering stage under controlled growth conditions. A significant 
association of hap1 with higher root biomass(P ≤0.05) was established with mean value of root 
biomass for hap1 lines was 0.66 g in comparison to 0.59 g for hap2 lines (Figure 5.3C). The QTL 
detected in this chapter and previously reported QTL (Maccaferri et al., 2008; Peleg et al., 2011; 
Ghavami et al., 2011; Blanco et al., 2012; Prat et al., 2014) were positioned onto the durum reference 
genome (Svevo physical map provided by Dr Elisabetta Mazzucotelli of CREA, Fiorenzuola, Italy; 
In press) (Figure 5.3D). The QTL (qCR-6B, qWH1-6B and qWH2-6B) were not only associated with 
CR tolerance but also co-located with GY QTL (qGR-6B). The QTL reported in this chapter were in 
   
158 
 
 
 
close proximity with the previously reported QTL for SRA, Fusarium head blight (FHB), grain 
quality (yellow pigmentation, YP; yellow index, YI) and GY (GY) (Figure 5.3D). 
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Figure 5.3 A panel figure illustrates, (A) crown rot severity during the grain filling stage with 5% 
(left) and 95% white heads (right). (B) Genome-wide association mapping for crown rot severity 
using phenotypic data from a subset of 168 NAM lines analysed using 2,541 high quality DArTseq 
markers (minor allele frequency > 5%). Manhattan plot showing chromosome 6B (green) with 
significant marker-trait association at arbitrary threshold –log10(P) ≥ 3 (blue horizontal line). The x-
axis displays the DArTseq markers on 14 chromosomes; y-axis is the –log10(P). Local LD block for 
Five significant markers representing the crown rot QTL ‘qCR-6AB’ used for constructing the 
haplotype network. A total of 26 haplotype variants of the qCR-6B for the subset of 168 NAM lines 
was observed. Two major haplotype groups were used for investigating root biomass, staygreen and 
yield performance under different environments. (C) A section of chromosome 6B (60-125 cM) 
where the aligning and positioning of QTL identified in this study with previously reported QTL was 
performed on the Svevo physical map. Genomic region controlling crown rot severity and symptoms 
(white heads), staygreen and yield from this study (in green) were aligned with previously reported 
QTL associated with traits such as root growth angle, FHB, grain quality and yield (in blue). (D) The 
significant differences between the hap1 variant (favourable allele in green) and hap2 variant 
(unfavourable allele in yellow) of qCR-6B presented in boxplots. The significance level of 0 ‘***’ 
0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 between the two major haplotype groups and represent the effect on 
yield under crown rot conditions (top boxplot) and staygreen such as the number of days from 
flowering time until 90% senescence, (middle boxplot) under field conditions. Haplotype effect on 
root biomass during the early tillering stage under controlled growth conditions (bottom boxplot).  
In addition, GWAS for above-ground traits such as staygreen traits and yield resulted in the 
identification of genomic regions underpinning these important traits. These include qGY-6B QTL 
for GY, qSGint-6B and qOnS-6B QTL for staygreen traits (area under the curve and number of days 
from flowering until 10% senescence, respectively) and qPH-6B QTL for plant height. A summary 
of GWAS results including QTL name, markers and their positions, marker-trait associations and 
their effects are presented in Table 5.3. 
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Table 5.3 Summary of QTL detected in the panel of NAM lines evaluated under drought and crown 
rot conditions. 
Traita QTL name Marker Chromosome cMb -log10(P)c Marker effectd 
Plant height qPH-6B 995614 6B 2.19 3.42 5.339 
    1008368 6B 2.19 3.37 5.305 
flowering.days.0.1 qSG_0.1-6B 3025934 6B 82.79 3.13 1.611 
integral.up.to.a 
qSG_integral-
6B 3025934 6B 82.79 3.01 0.750 
t.h-1 qGY-6B 1023342 6B 100.50 3.26 -0.215 
  2254131 6B 100.50 3.12 -0.203 
    4992135 6B 100.50 3.15 -0.203 
WH1 qWH1-6B 1023342 6B 100.50 3.88 7.350 
  2254131 6B 100.50 3.44 6.744 
  4992135 6B 100.50 3.65 7.025 
  1039837 6B 101.26 3.41 6.800 
    2256390 6B 101.26 3.60 6.998 
WH2 qWH2-6B 1023342 6B 100.50 3.40 8.582 
  2254131 6B 100.50 3.36 8.386 
    4992135 6B 100.50 3.58 8.777 
CR qCR-6B 4992135 6B 100.13 4.14 -0.590 
  1023342 6B 100.50 4.20 -0.598 
  2254131 6B 100.50 3.93 -0.568 
  2256390 6B 101.26 3.25 -0.524 
    1039837 6B 101.26 3.10 -0.508 
a Plant height measured in centimeter (cm); flowering.days.0.1 is the number of days from flowering 
time to 10% senescence; integral.up.to.a is the area under the curve of the staygreen model from 
flowering time to full senescence; t.h-1 is tonnes per hectare; WH1 and WH2 are the percentages of 
white heads due to CR infection within each plot collected at 3 and 5 weeks after flowering time, 
respectively; CR is crown rot infection recorded as a measure of the degree of brown discoloraton at the base 
of the plants at full maturity 
b Chromosomal positions based on the unpublished Svevo durum wheat map provided by Dr Elisabetta 
Mazzucotelli of CREA  Fiorenzuola, Italy 
c –log10(P) score, where a threshold of P < 0.001 was applied for significant marker-trait associations   
d Positive or negative association between different traits based on DArTseq allele at each locus   
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5.4.4 Combining below and above-ground QTL (qSRA-6A QTL and qCR-6B) effect to minimize 
yield losses due to crown rot 
Using the genotypic information derived from 2,541 high quality DArTseq markers we identified a 
set of NAM lines that were segregating for both QTL, qCR-6B and qSRA-6A. The subset was 
evaluated for their performance for GY under four different environmental conditions (Figure 5.4). 
The results revealed that the lines that had the combination of favourable alleles for both qCR-6B and 
qSRA-6A (referred to as + +) significantly outperforming the individuals without the favourable allele 
combination (referred to as - -) under crown rot conditions. The significant yield advantage for the 
lines that carried both favourable alleles was 1.10 t.ha–1 under CR (P ≤0.01). Furthermore, it was 
consistently observed that mean yield of lines that carried both favourable alleles (++, Figure 5.4) 
was greater than those without (--) even when differences were statistically insignificant.  
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Figure 5.4 Comparison of lines that are segregating for root angle QTL (qSRA-6A) reported in chapter 
3 and CR QTL (qCR-6B). The lines were evaluated in the field for four environments under rain-fed 
conditions with high crown rot inoculum pressure (Queensland+CR) and without CR inoculum 
(Queensland-CR, South Australia-CR, Morocco-CR). In green (++) are lines that carry both 
favourable allelic combinations. In orange (--) are lines where favourable alleles are absent. 
Significance level at 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 between the two major haplotype groups. 
The significant yield benefit for under crown rot conditions was 1.1 t.ha-1. The average yield benefit 
under drought conditions in three environments without crown rot was 0.57 t.ha-1. 
 
5.5 Discussion 
In this chapter, the value of above- and below-ground adaptive traits under drought and crown rot 
conditions was investigated using a subset of durum NAM lines from the set described in Chapter 4. 
Genomic regions underpinning CR tolerance, staygreen traits and GY under crown rot conditions 
were identified on chromosome 6B. The detected QTL for canopy-related traits under drought and 
crown rot conditions were also found to be associated with increased root biomass under controlled 
conditions. NAM lines that carried the improved root system architecture allele identified in Chapter 
4, along with favourable staygreen traits and tolerance to CR, exhibited higher mean yield under 
drought and crown rot conditions across four environments. These differences were statistically 
significant for trials in Queensland. The outcome of this study highlights the potential of investigating 
the combined effect of combining the above- and below-ground traits which could further enable 
plant breeders to develop durum varieties targeting environments prone to drought and CR conditions.  
5.5.1 Seminal root angle QTL qSRA-6A involved in durum performance under drought 
conditions 
Despite a few recent studies on mapping QTL for root system architecture traits in hexaploid wheat, 
there is a lack of information and evidence on the value of those QTL under different water 
environments. This has limited the use of those reported QTL in marker assisted selection in breeding 
programs (Cane et al., 2014; Maccaferri et al., 2016). However, the value of a deeper root system in 
improving yield under such drought environments has been demonstrated through the role of the 
DEEPER ROOTING1 (DRO1) gene in improving rice yield production under drought conditions, 
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where the expression of the gene resulted in deeper roots and more root branching at depth (Uga et 
al., 2013). In addition, a recent study on a panel of elite barley breeding lines tested in the northern 
growing region of Australia found a possible relationship between seminal root traits and yield using 
data from twenty environments covering a region of 1000 km2 (Robinson et al., 2018). Furthermore, 
recent studies highlighted the importance of root system efficiency on drought adaptation and 
therefore enhanced yield in maize and sorghum. It was suggested that the water use efficiency in 
maize resulted from roots absorbing less water pre-anthesis leading to increased water availability for 
post-anthesis instead of enhancing root access to water (Borrell et al., 2014b; Christopher et al., 2016; 
van Oosterom et al., 2016; Christopher et al., 2018). 
In this chapter, we investigated, for the first time, the value of RGA under drought conditions in the 
field, where yield differences between the variants of the reported QTL in Chapter 4 revealed a 
significant difference of 0.57 t.ha–1 under drought conditions. This highlights the importance of root 
system architecture for enhancing crop performance under drought stress (Lynch, 2013). This is in 
concordance with simulation studies that demonstrated the importance of roots in extracting water 
from the ground as each 1 mm of water extracted from the soil post anthesis resulted in an increase 
in yield by 50-60 kg.ha–1 in wheat and maize (Manschadi et al., 2006; Messina et al., 2015) and 30 
kg. ha-1 sorghum (Hammer, 2006). In addition, Kirkegaard et al. (2007) demonstrated a yield 
advantage of 59kg.ha–1 per mm for the water provided to the crop in the 1.35-1.85 m layer of the soil 
profile post anthesis in a semi-controlled experiment using rainout shelters. Interestingly, no 
significant difference was found between the QTL variants of the root angle QTL qSRA-6A for yield 
performance under CR conditions (Figure 5.2D). This could possibly be a result of the variability due 
to CR infection during early growth stages. However, alternative root growth patterns including 
higher total root biomass seem to have a reduced susceptibility to CR and therefore increased yield 
(Voss-Fels et al., 2018a). 
Despite the promising results reported in this chapter, they are limited to one year. Further research 
is required across multiple locations and growing seasons to validate these outcomes. Surprisingly, 
the QTL variant that provided a yield advantage was the wide RGA unlike results in previously 
reported literature in wheat and barley (Manschadi et al., 2008; Manschadi et al., 2010; Robinson et 
al., 2018). Robinson et al. (2018) found that in some cases the narrow root angle was positively 
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correlated with yield while in others, the wide root angle was favoured for yield enhancement, 
demonstrating that this correlation is context dependent and varies between environments.  
5.5.2 The Crown rot QTL qCR-6B is a key genomic region modulating above-ground canopy 
development  
Crown rot continues to be a destructive disease globally and has been particularly damaging in 
Australia due to dramatic changes in cropping systems, including intensive cropping, the introduction 
of minimum tillage practices and a rapidly changing climate (Verrell et al., 2017; Voss-Fels et al., 
2018a). Zhao et al. (2017) estimated a yield reduction as a result of global warming in the major crops 
such as rice, wheat and maize of 3.2%, 6.0% and 7.4%, respectively, for each degree Celsius 
temperature increase. This highlights the importance of cultural practices and possible genetic 
improvement for CR management (Liu and Ogbonnaya, 2015). Unfortunately, there is a lack of 
genetic resistance for CR and efforts to identify and introduce CR resistance genes into the modern 
cultivars have to date been unfruitful (Collard et al., 2005a). On the other hand, there is a potential 
opportunity to use the above- and below-ground drought adaptation traits to enhance yield. For 
example, the traits involved in canopy development such as staygreen, an important trait under 
drought conditions, are deemed valuable during the post-anthesis and grain filling stages. This above-
ground trait can be enhanced by optimising root system architecture (Mace et al., 2012) and canopy 
development (Borrell et al., 2000) which results in significant differences in GY (Borrell et al., 
2014a). 
In this chapter, an arbitrary threshold of – log10(P) ≥ 3 was applied due to smaller population size 
(168 NAM lines) for field testing, in comparison to the application of Bonferroni significant threshold 
in Chapter 4. In addition, lower heritability was noted (Table 5.2) due to the smaller population size 
and variation in the field as a result of genotype by environment interaction. The CR QTL (qCR-6B) 
associated with CR tolerance in the field was identified on the 6B chromosome as a result of 
undertaking GWAS and setting the above threshold. The CR QTL (qCR-6B) is in close proximity to 
previously reported QTL for FHB resistance (Ghavami et al., 2011; Prat et al., 2014) suggesting that 
this genomic region could be associated, in general, with Fusarium tolerance. In addition, qCR-6B is 
co-located with GY QTL (qGY-6B) reported in this chapter and is in close proximity with staygreen 
QTL (qSGint-6B, qOnS-6B) thus highlighting the importance of this genomic region in modulating 
above-ground traits. In addition, the co-location of qCR-6B and qGY-6B in this study with previous 
mapping studies reporting yield, grain quality and root system architecture (Maccaferri et al., 2008; 
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Ghavami et al., 2011; Peleg et al., 2011; Blanco et al., 2012; Prat et al., 2014; Maccaferri et al., 2016), 
indicates that this genomic region not only influences above-ground but also below-ground plant 
development resulting in improved yield.  
The high level of LD between the five associated markers on qCR-6B indicated allelic fixation and 
suggests possible co-inheritance of this region into the next generation (Tuberosa et al., 2002a; Hayes 
et al., 2007). The allelic variation for CR QTL qCR-6B identified in this study may be involved in 
pathways related to staygreen and canopy development or unexpectedly, it could be involved in 
modifying the root system architecture, distribution and biomass early in the season (Figure 5.3D). 
The enhanced yield under drought and CR conditions was suggested to be a result of higher root 
biomass and enhanced staygreen (Borrell et al., 2014a). Furthermore, it has been shown in a recent 
study that root biomass provides the plants with enhanced tolerance towards CR as well as to a 
spectrum of soil-borne disease (Voss-Fels et al., 2018a). However, the overall value of this key 
developmental QTL for above- and below-ground plant growth may equips plant breeders with the 
knowledge of these important traits in improving yield in future varieties.  
5.5.3 Breeding strategies to improve adaptation to drought and crown rot conditions  
In the northern growing region of Australia, rainfall patterns are summer dominant and crops rely 
heavily on stored water in the soil profile during the relatively dry winter growing season particularly 
late in the season during grain filling (Manschadi et al., 2006). This highlights the importance of 
drought adaptive traits that can enhance water use efficiency. Traits such as root system architecture, 
transpiration efficiency, osmotic adjustment and staygreen are the foundation of water use under 
water deficit environments (Christopher et al., 2013). Studies in sorghum revealed a positive 
correlation between these traits and yield increase as a result of increased water use after flowering 
(Mace et al., 2012; Borrell et al., 2014b). Manschadi et al. (2006) used computer simulations and 
predicted a yield increase of an extra 55 kg/ha for each additional millimetre of water extracted from 
the soil after anthesis and during the grain filling stage. However, a recent study characterised the 
value of designer roots that have better access to water under drought conditions across five 
environments revealing a 37-38% yield benefit (El Hassouni et al., 2018). The key reason for that 
yield increase during grain filling was an increase in marginal water use efficiency by almost three 
times after anthesis, in comparison to water use efficiency measured over the entire growing season 
(Christopher et al., 2013). However, in recent studies, it has been demonstrated that root system 
architecture is not only playing a vital role in drought adaptation but also providing tolerance to CR. 
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Genotypes with higher root biomass showed increased tolerance to CR and this might be due to higher 
lignin and/or fibre content at the cellular level presenting a physical barrier for fungal growth and 
therefore providing enhanced tolerance . This may explain a yield benefit of 1.1 t.ha–1 under CR 
conditions found in this study. This highlights the opportunity for plant breeders to combine staygreen 
and root traits along with incorporated tolerance to CR in durum wheat varieties to enhance yield 
under drought and CR. 
The QTL described in this chapter is independent from the QTL reported in Chapter 4 as they are 
positioned on two different chromosomes and this highlights the possibility of introgressing these 
genes involved in above- and below-ground plant development and implementing them as a package 
in modern cultivated varieties targeting drought and crown rot conditions. We envisage the possibility 
of introgressing new QTL associated with above- and below-ground traits into already well adapted 
Australian cultivars, e.g. through marker-assisted backcrossing to therefore enhance the plants 
adaptive capacity to challenging production conditions. Furthermore, these QTL for above- and 
below-ground traits could be used as markers by plant breeders when applying selection as well as 
pyramiding these genes through genome-wide marker information using genomic selection (GS) 
approach to speed up the genetic gain.
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Chapter 6. General discussion 
CHAPTER 6 
 
GENERAL DISCUSSION 
 
 
6.1 Fulfillment of thesis objectives 
Future durum production in Australia will be compromised by more frequent episodes of drought and 
increasing CR inoculum pressure. Therefore, there is an urgent need for a solution to maintain 
production in the face of all these complications. One of the most promising strategies to overcome 
the limitations is adopting an integrated management approach combining cultural practices with 
physiological adaptive traits that could improve tolerance to CR and enhance yield under drought. 
However, adopting these physiological approaches is challenged by the lack of high throughput and 
repeatable phenotyping methodologies for screening the whole plant for multiple traits in the same 
generation, poor understanding of the genetic and physiological mechanisms of drought adaptive 
traits and their interaction, as well as challenges associated with quantifying the value of specific 
adaptive traits under drought and CR conditions. The overall objective of this study was to develop 
tools and gain insights into genetic and physiological features of traits relevant to biotic and abiotic 
stress to provide plant breeders a means to enhance durum wheat adaptation under challenging 
production conditions.  
To fulfill the overall research objective stated above, firstly, I developed a novel, rapid screening 
method for above-ground traits including CR, LR and PH and below ground adaptive traits including 
SRA and SRN in the same plant generation as detailed in Chapter 3. The developed methodology 
was applied on a large bi-parental population derived from a cross between the Australian adapted 
cultivar ‘Caparoi’ and an ICARDA line bred for drought adaptive attributes as well as improved 
tolerance to CR. The population was screened for all traits in the early generations of F2 and F3. The 
method is adapted to accelerated growth conditions (i.e. speed breeding) and enables five cycles of 
selection per year. This permits the application of selection for the desired traits in early generations 
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to enrich the selected material with desirable alleles before intensive yield testing. In addition, the 
method developed in this study is appropriate for integration with other breeding tools such as MAS 
and GS.  
The second objective was to dissect the genetics of root growth architecture in the seedling stage 
using the clear pot method and a subset of durum NAM lines developed during the course of this PhD 
project as described in Chapter 4. Results from this chapter revealed large variation of seminal root 
angle under glasshouse conditions. Further study of the parental lines in the field using shovelomics 
methodology revealed a high correlation between seminal root growth angle with nodal roots in the 
field, implying that rapid screening of SRA at seedling stage is a robust approach to select for root 
architectural traits. The GWAS for SRA resulted in a major QTL (qSRA-6A) which was aligned with 
previously reported QTL for root traits, yield and its components and grain quality. In addition, 
analysis of the genes underlying the qSRA-6A region resulted in shortlisting 15 candidate genes with 
reported functions related to gravitropism, polar growth and hormonal signalling; thus represent 
promising targets for future validation studies. The qSRA-6A QTL modulating root growth angle 
appeared independent to root biomass accumulation which is promising because different root 
ideotypes could be created by plant breeders. To evaluate this potential, durum lines with different 
alleles at the qSRA-6A QTL with high and low root biomass were evaluated in controlled experiment 
using well-watered and water-limited treatments. Results from this study suggested that deploying 
high root biomass with qSRA-6A it could lead to durum varieties that are capable of producing more 
roots deeper in the soil layers, and thereby reduce losses due to water stress. 
The third objective was to investigate the link between drought adaptive traits and enhanced tolerance 
to CR in durum wheat. This was achieved by first, characterising the subset of NAM population 
phenotyped for seminal roots in Chapter 4 for tolerance to CR in the field and identify genomic 
regions associated with CR tolerance. Secondly, identifying physiological traits for drought 
adaptation in durum wheat such as root growth angle and staygreen traits that also provided enhanced 
yield under drought in the presence of CR disease pressure. The results revealed a significant 
correlation between staygreen traits under drought and CR environments, which in both 
environments, was associated with enhanced yield.  
GWAS for CR tolerance under field conditions identified a genomic region associated with CR on 
6B chromosome. GWAS for flowering time, plant height and staygreen revealed that these traits are 
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associated with the same genomic region that was associated with tolerance to CR. This suggested 
that the QTL mapped for tolerance to crown rot is in fact associated with canopy development which 
results in conservative use of water early in the season and therefore the preserved water made 
available post-anthesis stage resulting in prolonged grain-filling stage and therefore enhanced yield 
in the presence of CR disease pressure. Following the GWAS for SRA reported in Chapter 4 and for 
tolerance to CR in Chapter 5, which identified the two major QTL of qSRA-6A and qCR-6B, haplotype 
analyses were performed for the markers with high LD and two major haplotypes for each QTL were 
identified. Associations of haplotypes with field performance was tested for staygreen and yield under 
diverse conditions in the field.  
Therefore, we compared closely related individuals that were segregating for both identified QTL 
and found significant differences between the lines carrying favourable alleles from both QTL 
(above- and below-ground) in comparison to the individuals that lacking the favourable combination 
under CR conditions. The favourable combination of both alleles was associated with a yield benefit 
of 1.1 t.ha–1 under CR conditions and an average of 0.57 t.ha–1 under three rain-fed environments 
across Southern and Northern growing regions of Australia and Morocco. These results highlighted 
the importance of optimising water use efficiency traits to enhance yield under drought and CR 
conditions. 
The reported findings from this study provide plant breeders an opportunity for targeted optimising 
of physiological adaptive traits in their breeding germplasm when targeting the improvement of 
tolerance to CR and drought. Therefore, farmers can use these cultivars with improved root system 
architecture and staygreen traits as one of the integrated management practices when growing crops 
in high risk areas that are prone to CR and drought.  
6.2 Rapid  population development for QTL mapping and validations 
With the aid of new emerging technologies, plant breeding has made a significant contribution and 
an undisputable impact on world food security with a continuous role of providing increased 
production to meet the demand of nine billion people for high quality food (Tester and Langridge, 
2010). One of the most promising technologies to speed up the genetic gain is the rapid generation 
technology known as ‘speed breeding’. Speed breeding technology allows rapid generation cycling 
using prolonged photoperiod and controlled temperature (Ghosh et al., 2018; Watson et al., 2018). 
The technology is ideal for breeding and research purposes and enables the rapid development of 
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populations for research and pre-breeding, including bi-parental populations, NAM and multi-parent 
advanced generation inter-cross (MAGIC) populations, as well as introgression of new allelic 
diversity and trait combinations into adapted genetic backgrounds. Therefore, it has great potential to 
speed up research and genetic gain by achieving these goals faster. 
Sourcing and regenerating genetic variation by creating new resources is a requirement for breeders 
to be able to apply selection and retain superior performing genotypes. Genetic variation has the 
potential to increase production more sustainably with enough plasticity to face climate change and 
evolving pathogens. NAM is one of the plant breeding methods that is successfully used to effectively 
dissect the genetics of a trait through combining the advantages of  traditional linkage mapping with 
association genetics, resulting in increased  statistical power and higher precision to map QTL for 
complex traits (Yu et al., 2008). The NAM population is structured in a nested manner based on the 
number of founder lines that are crossed to one or more reference parents and the progenies are 
forwarded in a series of selfing until homozygosity is reached. The outcome is a population that has 
the entire genome of donor lines re-shuffled in a form of chromosomal segments into the background 
of the shared reference parent with high and balanced allele frequency. This enables detection of 
genomic regions and QTL controlling complex traits. However, using traditional approaches, it can 
take a long time to develop inbred lines. Here, with the use of speed breeding technology six 
generations of selfing in a year was possible. This allowed evaluating the developed population for 
one growing season. The developed NAM population and data generated in Chapter 4 provides a 
valuable resource and could serve as a training population for the application of other breeding tools 
such as GS. This would assist fast tracking and pyramiding traits into our future varieties using 
genome wide marker information (Hayes et al., 2009). The developed durum wheat NAM population 
represents a highly valuable germplasm resource for mining traits like tolerance to crown rot, acid 
soils, boron tolerance, and rust diseases and therefore, could be used for genetic dissection of all those 
traits. 
In this PhD project, analysis of a subset of the durum NAM population revealed a key genomic region 
underpinning root growth angle on chromosome 6A. In addition, key QTL for above ground 
developmental traits such as flowering time, staygreen and crown rot tolerance were also identified. 
These QTL for above- and below-ground traits could be stacked in favourable combinations in elite 
germplasm and inhance durum wheat industry through breeding programs. 
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6.3 Context dependency of root system architecture  
Root system architecture has a major role in plant productivity through enhancing plant access to 
water and nutrients in the soil (Palta and Yang, 2014; Richard et al., 2018). Deep roots and increased 
root branching at depth have been associated with increased yield as demonstrated in rice (Uga et al., 
2013). Similarly, cereal crops grown in deep soils experiencing terminal drought are more productive 
when their root system architecture is narrow with more root branching at depth (Manschadi et al., 
2008; Christopher et al., 2013; Lynch, 2013). A number of studies have suggested that narrow root 
angle enhances access to resources stored in the deep soil profile and is therefore advantageous in 
water-limited environments (Lynch, 2013). On the other hand, wide root growth angle may be 
beneficial in shallow soils or regions experiencing reasonably regular sporadic rainfall throughout the 
growing season (Manschadi et al., 2008; Robinson et al., 2018). However, despite root angle being 
responsible for enhanced access to the resources in the upper or deeper soil strata depending on the 
direction of the growth, there has been limited evidence as to whether it has a direct correlation with 
increased yield (Manschadi et al., 2010). The association between SRA and yield in barley has been 
demonstrated in a recent study (Robinson et al., 2018). The magnitude and direction of this genetic 
correlation varied between lines and across sites and was highly associated with genotype interacting 
with management and or environment. The SRA QTL identified in this study was significant, 
however, unexpectedly; wide seminal root angle was associated with GY. This could be due to a 
number of environmental factors such as the timing of the rainfall, pre-harvest moisture availability 
and soil type at Hermitage research station (clay soil) benefiting wide root angle. Furthermore, it 
could be that root angle and root length are independent trait and that genotypes with wide root angle 
that produced significantly higher GY perchance had long root system after anthesis (Voss-Fels et 
al., 2018b). It should be noted that only a single year of field testing was feasible within this PhD 
study, thus further additional testing across years in more diverse environments is required to 
determine the value of root angle phenotypes in different soil types, water availability and rainfall 
patterns. Further experiments would also enable to guide plant breeders in the deployment of varieties 
with designer roots tailored to specific environments. 
6.4 Research Limitations  
Root system architecture is known for its complex genetic nature (Rich and Watt, 2013) and is 
expressed in a form of phenotypic plasticity when exposed to different water regimes. While this 
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project has provided a valuable understanding of the root growth angle and distribution, a limited 
investigation was undertaken for the candidate genes underlying the root system architecture. This 
study provides an important foundation of materials and information for further research to look at 
the functions and mechanisms for promising candidate genes modulating root architecture. 
Furthermore, root biomass appeared very important and correlated with yield under drought 
conditions. To further understand the value of modifying root biomass and its interaction with root 
angle, staygreen and GY, additional testing under different environments and water treatment (e.g. 
irrigated vs. rainfed) is required. These drought adaptive traits could be combined with other 
management strategies to minimise GY losses due to CR, especially growing regions that experience 
terminal drought which exacerbates disease impact. Moreover, the importance of combining root 
traits with management practices could also be investigated using lines differing for root angle using 
different sowing rates and therefore evaluate the ability of plants to occupy the soil and resources 
given the importance of seeding rate in optimising yield potential.  
During the course of this PhD research project, Australia’s first durum wheat NAM population was 
developed and genotyped with DArTseq DNA markers. This provides a powerful genetic resource 
for the global durum wheat pre-breeding and research community. This was achieved within just 2 
years of the project. This included one generation of selfing in the field and five generations of selfing 
rapidly forwarded in the speed breeding. Therefore, the field-testing was limited to one year due to 
time restriction of the PhD program in Australia. However, during 2018 growing season the subset 
of NAM was subject to evaluation under four different environments in Australia and Morocco. 
Multi-environmental trials across years and multiple locations are typically essential to capture the 
variation and account for the interaction between genotypes, environment and management practices. 
This study provides a valuable foundation for future research that requires large-scale evaluation of 
additional NAM families to help enhance power and possibly identify additional QTL for other 
agronomically important traits. 
6.5 Future strategies to enhance durum wheat yield 
Improving GY for modern durum wheat varieties can be effective if only coupled with high end-use 
quality parameters for pasta manufacturing including semolina colour and grain size. However, 
breeding varieties with high end-use quality is a very challenging task due to the negative association 
between GY and protein content (Bogard et al., 2010), however this problem can be overcome 
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through the timing of nitrogen fertiliser application and selection of varieties that have higher nitrogen 
uptake and translocation efficiency (Joy and Peltonen, 1993). The root angle QTL identified in this 
thesis provides an opportunity to evaluate the value of different root ideotypes showing differences 
in root distribution in different soil layers for nitrogen uptake and use efficiency, as detailed in 
Chapter 3. This may enable evaluation of root system ideotypes that could be used when targeting 
specific marginal production regions of Australia while maintaining high end-use quality. In addition, 
the key genomic regions identified in this study for above and below ground traits measured under 
drought and CR environments could be used to improve the resilience of future durum cultivars in 
breeding programs. This can be achieved by converting selected DArTseq markers to KASP markers, 
which could facilitate MAS for root system architectural traits, staygreen and tolerance to CR to 
enhance the capacity for producing high quality durum wheat, also under challenging production 
conditions.  
Strategies to further evaluate the agronomic value of these important developmental QTL identified 
in this study in increasing yield could be achieved by investigating the value of these traits on already 
existing breeding material with large historic datasets across decades and in multiple locations. For 
example, correlation between many root system architecture traits and yield could be investigated. 
Developing research priorities with industry should be the future model to speed up the impact of 
such research and enable fast delivery of new robust varieties to the farmers. 
 
6.6 Conclusions 
This research has demonstrated the power of combining rapid population development, innovative 
phenotyping methods and high-throughput DNA marker genotyping to enable the identification of 
genetic regions associated with important above and below ground physiological traits. It also 
investigated the possibilities of combining these traits effectively to enhance adaptation to drought 
and CR. In Chapter 3, the development of a rapid screening methodology for CR, root architecture 
traits and other important traits such as LR and PH was applied in early segregating generations and 
presents a promising tool to rapidly enrich germplasm with desirable alleles. In Chapters 4, 
phenotyping for root system architecture using the clear pot method for a subset of the NAM 
population enabled the dissection of genetic regions controlling RGA. The identified strong marker-
trait association for SRA was supported by further bioinformatics analyses of candidate genes that 
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may underpin the QTL region. In Chapter 5, the value of the most significant SRA QTL for field 
performance. Within the context of QTL associated with above-ground traits including flowering 
time, staygreen and CR tolerance, was investigated. In addition, this chapter brings together the 
outcomes of all other chapters in order to answer the overall hypothesis of this PhD research project. 
This includes combining the genomic regions controlling above ground developmental traits with 
below ground root architecture as a novel approach to explore these traits for performance 
enhancement of durum wheat under drought and CR disease pressure in Australian and Moroccan 
environments. We envisage that the NAM population, phenotyping methodologies and the possibility 
of combining above-and below-ground traits will assist the durum wheat (pre-)breeders to develop 
future varieties with enhanced tolerance to CR and drought. This will also enable enhanced and 
sustainable productivity of the durum wheat crop in Australia and North Africa. 
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